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The TOWARD experiment was conceived to overcome these difficulties.

The experimental phase of TOWARD has been concluded successfully. It
is estimated that 95% of all planned measurements were acquired. Other
complementary data sets, not envisioned possible in the planning phase,
were conveniently added later. The data analysis process and synthesis is
in progress and continuing. Of the data sets collected, 80% of those
acquired in Phase I and 50% in Phase II have been processed. Of the data
sets processed, 90% obtained in Phase I and 80% obtained in Phase II
are considered critical for meeting the primary objectives of TOWARD.
Comparisons between the different data sets are pursued. Of these, 25%
of all desirable intercomparisons have been achieved and are being used
in formulating a synthesis for the entire experiment.

The single most significant achievement to date is the determination
that none of the available theories on SAR imaging of long surface waves
has been demonstrated to explain the SAR observations obtained in TOWARD.
Work is presently in progress to amend existing models and to develop new
ones. More specifically, the following results are reported:

1. The probability density functions of wave slopes indicate Gaussian

distributlion for wave frequencies less than 2.5 Hz and non-Gaussian distri-
bution for wave frequencies greater than 7.5 Hz. These suggest that the
longer ocean waves are weakly coupled, as expected, but that the very short

surface waves are strongly coupled through strong non-linear interaction.

2. The measured wave slope spectra in TOWARD have significantly dif- I
ferent intensity levels compared to predictions by Pierson and Stacy (1973)
for equivalent wind speeds.

3. Radar backscatter results suggest that sea spikes do not contribute
critically to the average backscattered power at L-Band, for the geometries
implemented in TOWARD. Sea spikes occurence increases with frequency and
wind speed.

4. Cross-wind radar backscatter results suggest that cross-wind or
cross-wave modulation can occur, and may constitute the mechanism for SAR
imaging of azimuthally traveling waves. We have also data indicating that
the radar backscatter spectrum has a small peak near the dominant frequency
of long waves. The resolution of this question is presently under debate.

5. SAR focusing results for azimuthally traveling waves indicate that
waves are most detectable at a focus setting that is one order of magnitude
greater than the wave orbital velocity.

6. Based on data analysis results to date, neither the "Velocity
Bunching" model nor the "Distributed surface" model has been demonstrated
to explain the TOWARD observations, but the data obtained in TOWARD will
allow significant progress toward resolution of the differences.
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PREFACE

Divergent opinions prevail regarding the mechanisms involved in SAR
imaging of the ocean surface. The TOWARD experiment represents a coordinated
investigation, involving both field experimentation and theoretical simulation,
of these mechanisms and related processes in an effort to understand them in
sufficient detail to allow formulation of scientific consensus. The TOWARD
investigators include representatives from all the divergent points of view,
and three committees of distinguished experts are formed to advise on data
analysis and to insure objective determination of the relevant processes.

This is an "Interim Report". The results discussed and the conclusions
derived in Volume I are, by necessity, preliminary. They are based on those
data sets whose evaluation has been completed, and on a limited number of
intercomparisons between such results. Likewise, Volume II contains "Interim
Reports" from only some of the individual investigators, including also a
contribution from a committee member (M. S. Longuett-Higgins). The investigator
reports are compiled in Volume II for the convenience of the reader. Whenever
ready, individual investigator papers and interrelating synthesis papers will
be submitted to refereed journals. The Interim Reports, consisting of Volumes
I and II, are working documents for the TOWARD participants, Discipline Review
Committees, and the Sponsor; they are distributed to the scientific community

for comments, suggestions and possible additions.

Volume I is written by the Principal Investigator as a synthesis of the
independent contributions provided by the individual investigators. The con-
clusions stated in Volume I have been discussed in detail by the three commit-
tees. Chapter VI, entitled: "SAR Imaging Arguments", is contributed by the
Principal Investigator as a perspective on the state-of-the art, to guide the
SAR data analysis effort. Taken as a whole, Volume I provides: (1) a basis
for reviewing the different points of view on SAR imaging of the ocean surface,
(2) a summary of the data sets acquired in TOWARD, (3) a review of the data

analysis in progress, and (4) a discussion of the results that have emerged
to date.

The data sets acquired in TOWARD form a unique data base that will be
useful beyond the immediate objectives of TOWARD. The results to date provide
valuable insights and promise to meet all the primary objectives of TOWARD.
The results reported in the Interim Report constitute a back-drop against which
a perspective on future SAR research is proposed.

Omar H. Shemdin*

*Jet Propulsion Laboratory

M/S 183-301
4800 Oak Grove Drive
Pasadena, CA 91109
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EXECUTIVE SUMMARY

SAR imaging of the ocean surface promises to be an important tool in ocean
remote sensing. The long range goal of present research is to understand SAR
imaging of the ocean surface so that airborne and/or spaceborne SAR's can
become reliable tools for oceanic research, and for operational use.

The mechanisms responsible for SAR imaging of the ocean surface are not
adequately understood at present. Conflicting hypotheses have been proposed
that remain without valid proof, because of lack of adequate data sets to test
these hypotheses. The influence of environmental parameters has prevented
extending relationships that were demonstrated under one set of conditions to
another beyond the range used in formulating the relationships. The TOWARD
experiment was conceived to overcome these difficulties.

The experimental phase of TOWARD has been concluded successfully. It
is estimated that 95% of all planned measurements were acquired. Other com-
plementary data sets, not envisioned possible in the planning phase, were
conveniently added later. The data analysis process and synthesis is in
progress and continuing. Of the data sets collected 80% of those acquired in
Phase I and 50% in Phase II have been processed. Of the data sets processed,
90% obtained in Phase I and 80% obtained in Phase II are considered critical
for meeting the primary objectives of TOWARD. Comparisons between the dif-
ferent data sets are pursued. Of these, 25% of all desirable intercomparisons
have been achieved and are being used in formulating a synthesis for the entire
experiment.

The single most significant achievement to date is the determination that
none of the available hypotheses on SAR imaging of long surface waves has been
demonstrated to explain the SAR observations obtained in TOWARD. Work is
presently in progress to amend existing models and to develop new ones. More
specifically, the following results are reported:

1. The probability density functions of wave slopes indicate Gaussian
distribution for wave frequencies less than 2.5 Hz and non-Gaussian
distribution for wave frequencies greater than 7.5 Hz. These suggest
that the longer ocean waves are weakly coupled, as expected, but that
the very short surface waves are strongly coupled through possibly
strong non-linear interaction.

2. The measured wave slope spectra in TOWARD have significantly different
intensity levels compared to predictions by Pierson and Stacy (1973)
for equivalent wind speeds.

3. Radar backscatter results suggest that sea spikes do not contribute
significantly to the average backscattered power at L-Band, for the
geometries implemented in TOWARD. Sea spike occurrence increases
with radar frequency and wind speed.

4. Cross-Wind radar backscatter results suggest that cross-wind or cross-
wave modulation can occur, and may constitute the mechanism for SAR
imaging of azimuthally traveling waves. We have also data indicating

v



that the radar backscatter spectrum has a small peak near the dominant
frequency of long waves. The resolution of this question is presently
under debate.

5. SAR focusing results for azimuthally traveling waves indicate that
waves are most detectable at a focus setting that is one order of
magnitude greater than the wave orbital velocity.

6. Based on data analysis results to date, neither the "Velocity Bunching"
model nor the "Distributed Surface" model has been demonstrated to
explain the TOWARD observations, but the data obtained in TOWARD will
allow significant progress toward resolution of the differences.

In conclusion, the available data sets and preliminary results strongly
suggest that definitive conclusions, regarding the physics of SAR imaging of
the ocean surface, will follow the data analysis effort that is in progress.
Also, because the TOWARD data sets provide the most complete surface-truth
measurements in support of SAR today, it is anticipated that these data sets
will be used for a number of specific scientific investigations related to SAR
in the future. It is noted, however, that the TOWARD data sets were directed
at solving the L-Band SAR problem. A relatively small number of X-Band measure-
ments were obtained at the same time to improve the basis for planning of future
investigations on SAR imaging at C-, X- and Ku-Bands.
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SI. INTRODUCTION

The TOWARD experiment provides a comprehensive data set required for
verification of theoretical concepts on SAR imaging of the ocean surface.
The planning phase of the experiment was described in detail in the TOWARD
Science Plan (Shemdin, 1984). In the formulation of the experiment it was
recognized that three distinct disciplines were to be addressed: (a) hydro-
dynamics, (b) radar backscatter and (c) SAR image processing. The processes
involved in each discipline and their interrelationships are depicted sche-
matically in Figure 1. The definition and verification of these processes
and their interactionships form the central objectives of TOWARD.

The formulation of the TOWARD experiment followed an intensive period
of theoretical discussions where differing hypotheses were posed and defended
based on available observations. Necessary proof, however, required additional
or more complete observations which were unavailable. Periodically, an un-
satisfactory situation would be dramatized when different hypotheses would
predict conflicting results for a known ocean surface. Such inability to
delineate correct hypotheses formed the need for acquiring the data sets

~ specified in the TOWARD science plan.

A. State-of-the-Art

In assessing the state-of-the-art on SAR imaging of the ocean surface,
the following is a concise summary of the outstanding issues:

1. Nonlinear SAR equation is not satisfactorily solved, nor simplified
solutions tested in presence of surface waves. A detailed discussion
relative to this point is given in Chapter VI.

2. Degradation of SAR resolution in presence of surface waves is figura-
tively equivalent to the opacity of a glass surface through which
subsurface features are observed. In high sea states the surface is

highly opaque.

3. SAR imaging of the ocean surface presupposes validity of radar
backscatter models which appear to require additional testing.

4. Radar backscatter from the ocean surface is directly related to the
hydrodynamics of short waves and their modulation by long waves.
These processes are ill understood at present (except under a small
subset of environmental conditions). Related to this subject, with
specific interest to ship wakes, is the decay rate of short waves.

S~ B. TOWARD Objectives

The TOWARD experiment was executed to address specific objectives re-

lated to SAR imaging of the ocean surface. These are:

1. Develop a verifiable theory for SAR imaging of the ocean surface.

2. Verify assumptions stipulated in radar backscatter theory that are
used in SAR imaging of the ocean surface. More specifically, es-
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a
tablish the importance of specular and wedge mechanisms in relation
to Bragg, and the importance of cross-wind and/or cross-wave modu-
lation in radar backscatter in relation to SAR imaging of the ocean
surface.

3. Contribute to the much needed insight in hydrodynamics of short waves
and their modulation by long waves.

4. Quantify the influence of the microlayer on dynamics of short waves,
radar backscatter and SAR imaging of the ocean surface.

5. Investigate wherever possible the modulation of short waves by internal
waves, and the related modulation in radar backscatter.

6. Measure decay rates of short waves in the ocean.

C. Experimental Approach

Having established that a complete data set is required to resolve the
issues, including radar backscatter and surface slope measurements, the follow-
ing guidelines were adopted for executing the experiment.

1. Use a stable platform so that measurements of short waves and radar
backscatter can be free of platform motion.

2. Provide simultaneous measurements of short waves, long waves andI relevant environmental parameters.

3. Obtain SAR images of the ocean surface at various azimuthal angles,
height to velocity ratios and environmental conditions.

4. Provide SAR digital recording and processing to facilitate precisegI variation in SAR processing parameters.

5. Incorporate specialized systems for measuring surface tension, decay
rate of short waves (Bobbing Buoy) and near surface wind speed (wave
follower wind-shear system).

3
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II. EXPERIMENT STRATEGY AND MEASUREMENTS

The Naval Oceans System Center (NOSC) tower is used as the stable platform
for the TOWARD experiment. The tower is located at 320 47' N and 117' 17' W,
1.4 km offshore of Mission Beach, San Diego, in 18 m water depth. A side view
of the tower is given in Figure 2.

The NOSC tower is situated in the Southern California Bight, the western

end of which is delineated by the Channel Islands of Southern California (see
Figure 3). The North Pacific storms generate waves which propagate as swell
to Southern California and enter the Southern California Bight through the

windows between the Channel Islands. A typical storm is shown in Figure 4.
Southern swell is also encountered at the tower from distant South Pacific
storms. The latter is generally smaller in amplitude and longer in period
compared to the North Pacific Swell.

The bathymetry surrounding the NOSC tower is shown in Figure 5. The
water depth 10 km offshore of the tower exceeds LO0m (50 fathoms). The
water depth decreases gradually to 18m at the tower site. The window oriented
at 290*T from the tower site is shown in Figure 5. This orientation also
corresponds to Leg-I of the flight pattern over the tower (to be discussed
in more detail later in this chapter). Each segment along this line, shown

in Figure 5, is 2.8 km long.

The TOWARD data sets were obtained during three phases of intensive
measurements. Phase-I was executed during 2 October - 7 November 1984, and
Phase-Il was executed during 4 March - 1 April 1985. The wind speed and
significant wave height occurrences in both Phases I and II are shown in
Figure 6. As planned, Phase-I corresponded to less active environmental
conditions and a well defined mixer layer. Phase-lI corresponded to more
intense wind and waves and no mixed layer. A third phase of measurements,
denoted by "MINI-TOWARD", was executed during 15-20 December 1985 and 21-24
January 1986. This phase was added in order to secure a complementary set
of wind measurements very close to the water surface, using the wave fol-
lower. Also, the spatial distribution of wave heights in the proximity of
a newly developed circular wave generator could be measured under various
wind conditions. The wave generator, denoted as "Bobbing Buoy", generates
waves with lengths in the proximity of 30cm. The spatial distribution of
wave heights was obtained with a pair of Hasselblad cameras configured for
stereo-photographic analysis.

The experimental resources utilized in the TOWARD Experiment were de-
scribed in the TOWARD Science Plan (Shemdin, 1984). They are briefly reviewed
here for completeness.

A. In-Situ Measurements

The in-situ measurements included the following:

1. Directional Short Waves - The wave follower, shown in Figure 7, was
used to measure two components of wave slope and the wave height of
short waves. Optical sensors that were mounted on the wave follower
were used. A laser and optical receiver system was mounted on a

4
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C-Frame, forming an optical bench (see Figure 8) that followed the
water surface displacement of long waves, while measuring slopes and
height of short waves. The wave follower system is described by
Shemdin and Hoff (1986). Samples of measurements and early results
are given by Hwang (1986) which is also included in Volume II of this
report. A similar laser-optical system was used by Hughes et al (1977)
to measure short wave modulation by internal waves in enclosed bodies
of water. The laser-optical sensor mounted on the wave-follower
provides a unique system for measuring short wave modulation in the
open ocean.

2. Directional Long Waves - A submerged pressure gage array, composed
of 4 pressure sensors, was used at the NOSC site for this purpose.
The system and early results are given by Guza in Volume 1l of this
report. In addition, an electro-magnetic current meter and a pressure
gage were placed on the fixed frame of the wave follower to provide
directional properties of long waves at the wave follower position.
Both systems provided directional properties of long waves to within
a directional resolution of ±25%.

A third system, composed of an electromagnetic current meter mounted
on the C-Frame, provided two horizontal components of current in the
wave-following frame (see Figure 8). The latter system was used
primarily to provide near surface current measurements needed for
removing the doppler contribution to frequency in the wave slope
and height measurements.

A C-Frame vertical displacement sensor was included to provide, in
combination with the C-Frame error gage, the local vertical water
surface displacement. This measurement is comparable to that pro-
vided by the pressure sensor that is mounted on the fixed frame.
The pressure gage provided more accurate measurements at frequencies
below the cut-off frequency (0.3 Hz) which is imposed by the depth
position of the sensor. For frequencies higher than 0.3 Hz the C-Frame
displacement sensor provided superior measurements. The latter were
limited in accuracy because of non-linear properties of the C-frame
error gage.

It is important to note that a higher resolution array, composed of
11 pressure sensors, would have provided a directional resolution of
±100. Such a system would have produced superior results compared to
the 4 sensor array used in TOWARD. It was not incorporated because
of cost limitations.

3. Surface Energy - A newly described system that utilizes the concept
of surface adhesion between a plate and ocean water was used. The
system and sample measurements are given by Garrett in Volume II.

4. Meteorological Measurements - A complete set of meteorological mea-
surements, including wind stress, were obtained by a team from the
Naval Post Graduate School. Their measurements and early results
are given by Geernaert in Volume II.

Will
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A second set of measurements which included only wind speed
and direction, air and water temperatures were acquired by NOSC.
The latter measurements were also recorded independently by the
Scripps recording system.

In Phase III, wind speed measurements in the proximity of
the moving water surface were obtained with pitot-static sensors
mounted at different levels on the wave follower. This system,
denoted by "Wind Shear" system, is described in detail by Tang
and Shemdin (1983).

5. Ambient Oceanographic Measurements - A thermistor chain, shown in
Figure 9, was used to measure instantaneous temperatures at several
elevations distributed over the entire water column. An electro-
magnetic current meter was deployed 5.0 m below the water surface to
provide the two horizontal components of the ambient current. The
thermistor chain and current meter were operated continuously through-
out Phases I and II, but were removed in Phase III.

6. Bragg Wave Generator "Bobbing Buoy" - This devise is basically a
free floating buoy that has within it a moving mass which is capable
of oscillating the buoy vertically at a prescribed frequency, set
by the frequency of the interior mass motion. The buoy design is
shown schematically in Figure 10. The buoy was designed to generate
waves in the frequency range 2.5 - 3.5 Hz, which correspond to
circular waves with lengths in the L-Band range. A typical wave
system generated by this buoy is shown in Figure 11. An extensive
set of measurements were obtained in Phase III; the "Bobbing Buoy"
was operated in the proximity of the wave follower and in the view of
the stereo-cameras. The wind speed varied from calm to 6.0 m/s.

B. Tower-Based Radar Measurements

The tower-based remote measurement capabilities deployed at the site were
described in detail in the TOWARD Science Plan. These are briefly reviewed

here.

1. Multi-Frequency Radars - Two such systems were operated at the tower,
in both Phases I and II of TOWARD. One was operated by JPL and the
other by the University of Kansas. Both systems provided the fre-
quency range 1-15 GHz. In addition, NRL operated an L-Band radar
in Phase-I, and L- and Ku-Band radars in Phase-Il of TOWARD.

2. Stereo Photography - An extensive set of wave height measurements
using stereo-photographs was obtained during all three phases of
TOWARD. All photography was conducted from the tower. The cameras
were placed apart at an elevation above the mean water level such
that a minimum base to height ratio of 0.4 could be maintained. A
horizontal T-bar was placed approximately 3.Om above the mean water
level to provide target calibration for the cameras. The lenses were
set at different incidence angles to capture different scales of
the sea surface. A subset of photographs was devoted to obtaining
comparisons between wave heights measured with the stereo-cameras and

13
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with the wave slope-sensor on board the wave follower.

All data sets that required careful time correlations included
the time code signal in their recording systems. For example, the
same time signal was recorded simultaneously on the NRL radar system
and on the wave follower recording system. The time code is also
provided on the L-Band SAR images.

Collocation of sensors was another important consideration where
comparisons between different measuring systems were required. For
example, at small incidence angles, stereo-photographs and the laser-
optical slope measurements were obtained over ocean patches in close
proximity to each other. At larger incidence angles, radar backscatter
and stereo-photographs overlapped in footprints. With these measure-
ments recordings of wind stress, wind vector, current, air and water
temperatures and surface energy were obtained simultaneously.

C. Airborne Measurements

Three types of aircraft participated in the TOWARD experiment. The air-
craft and their corresponding measurement systems are briefly discussed below:

1. NASA CV-990 with JPL: L-Band SAR

This L-Band Synthetic Aperture Radar, with optical and digital
recording and processing capabilities, was incorporated as a primary
element in the TOWARD experiment. The system characteristics are
given in Table 1. All flights followed a standard pattern, shown in
Figure 12. Leg-i of this pattern is shown in Figure 5. The nominal
altitudes were 11,585, 6,098 and 2,134 m; they were flown to vary the
aircraft range to velocity ratio. Variation of the latter was achieve-
able in the range 15-50 s.

The data processing characteristics of this system, in both
optical and digital modes, are given in Table 2.

2. Marine Corps RF-4B with X-Band SAR

Less essential for TOWARD objectives, but needed for preparation
of a later X-Band experiment, were X-Band SAR images obtained by the
Marine Corps RF-4B aircraft. The X-Band system characteristics are
given in the Science Plan. The flights that were executed in Phase-I
are shown in Table 3. Each flight pattern was executed by two air-
craft flown in tandem.

3. Army OV-1(D) with X-Band Real Aperture Radar (RAR)

Also, less essential for TOWARD objectives, but required for a
later X-Band experiment are the RAR images obtained with two Army
OV-1(D) aircraft. These aircraft participated only in Phase II of
TOWARD. Initial flights at 5,500 and 3,000 m produced low quality
images over the ocean. Later flights at 300 m produced satisfactory
images.

17
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Table 1. System Characteristics of JPL L-Band Synthetic Aperture

Radar on the CV-990 Aircraft.

Center frequency 1.225 GHz

Wavelength 24.5 cm

Pulse length 4.9 ps

Bandwidth 19.3 MHz

Peak power 4 kW

Antenna azimuth beam width 180

Antenna range beam width 750

Antenna beam center gain 12 dB

Nominal altitude 6 km - 12 km

Nominal ground speed 225 m/s

Sweep time - optical 55 ps

Sweep length - optical 25 mm

Nominal PRF 700 pps

Swath width - Quad Pol mode 7 km

Resolution (4 looks)

Slant range x azimuth - digital 8 m x 13 m

Slant range x azimuth - optical 23 m x 15 m

Incident angle nadir to 570

Polarization HH, VV, HV, VH

Linear dynamic range - power 22 dB digital, 12 dB optical

Azimuth pixel spacing 11.0 m

Slant range pixel spacing 7.5 m

Ground range pixel spacings 15 m at 300; 9.8 m at 500

Number of pixels (range x azimuth) 927 x 1024
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Figure 12. CV-990 SAR Flight Paths Over the Tower.

Table 2. Nominal SAR Data Processing Characteristics for L-Band SAR. 3
4 OPTICAL Channels - HH - VV - HV - VH

4 DIGITAL SUBFRAMES - HH - VV - HV - VH

Angle of Incidence at Center of Image 350 3
Optical/Digital Slant Range Coverage -7 km (Ouad Pol Mode)

Optical/Digital Slant Range Coverage 13 km (Dual Pol Mode)

Optical Along Track Coverage - 60 km

Digital Along Track Coverage (Raw) = 30 km

Digital Along Track Coverage (Image) - 11 km

Digital Image Size - 927 pixels range x 1024 pixels azimuth

Optical Image Size - 50 mm cross track, 1:250,000 along track

RFP = 3 x (CV-990 Ground Speed in m/s)

= 600 @ 200 mls, 750 @ 250 m/s

Digital Image Pixel Spacings - 7.5 m Slant Range x 11.0 azimuth

19



Table 3. Aircraft Flights During Phase-I of TOWARD. The Flight Intervals are
Noted for Each in Pacific Daylight Time, and Pacific Standard Time

Before and After 02 am 28 October 1984, Respectively.

Date CV-990 RF-4B

2 October 1984 1046 - 1156

6 October 1984 1505 - 1600

7 October 1984 904 - 958

17 October 1984 1253 - 1536

3 31 October 1984 1257 - 1542 1500 - 1614

4 November 1984 1512 - 1700 1131 - 1231

7 November 1984 1356 - 1640

A summary of all flight missions executed in Phase I are given
in Table 4. As shown, simultaneous flights with all aircraft occurred

only on 19 March 1985. Three simultaneous X-Band SAR and RAR flights
were executed on 19, 20 and 26 March 1985. Of these, the first two
days produced acceptable SAR images but low quality (high altitude)
RAR images. The third day produced high quality RAR images (low
altitude), but no SAR images (data was destroyed in SAR processor).

The environmental conditions encountered during Phases-I and II
flight days are given in Table 5 and Table 6, respectively.

|U
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Table 4. Aircraft Flights During Phase-Il of TOWARD. The Flight Intervals
are Noted in Pacific Daylight Time, and Pacific Standard Time
Before and After 02 am 28 October 1984, Respictively.

CV-990 RF-4B OV-1(D)
Date (SAR) (SAR) (RAR)

13 March 1985 1322 - 1628

18 March 1985 1235 - 1423

19 March 1985 1301 - 1559 1345 - 1439 1355 - 1525

20 March 1985 1438 - 1602 1301 - 1421

24 March 1985 1310 - 1456

25 March 1985 1257 - 1444

26 March 1985 1420 - 1517 1243 - 1435

27 March 1985 1318 - 1558

Table 5. Environmental Conditions During Flights in October-November, 1984:
Phase-I. Noted Times are in Pacific Daylight Time and Pacific
Standard Time Before and After 02 am 28 October 1984, Respectively.

"Date 17 Oct 1984 31 Oct 1984 4 Nov 1984 7 Nov 1984

Time Analyzed 1250 - 1413 1300 - 1600 1512 - 1625 1412 - 1625

Wind Speed (knots) 15 6-8 5-7 10

Wind Direction (deg) -275 -280 -300 -250

Mean Current (cm/sec) <5 <5 <5 -10
(5 m below surface)

Significant Wave 126 124 158 110

Height (cm)

Air T ( 0 C) 17.2 17.5 18.5 17.5
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Ill. DATA ANALYSIS APPROACH

An assessment of the TOWARD data sets indicates that they are adequate
for addressing the objectives stated for the experinent. The available data
sets are shown in Figure 13 in relation to the TOWARD objectives. Here, four
primary objectives are stated. For each, various complementary data sets are
utilized to address the related issues. The periods of recordings are given
in Figure 14.

The objectives stated for TOWARD all relate to understanding the physics
of SAR imaging of the ocean surface. The data analysis strategy aims at: (1)

testing individually the hydrodynamics, radar backscatter and SAR imaging
models, (2) using these models to simulate SAR images of the ocean surface,
and (3) testing the simulation procedure by comparing the simulated images
with actual SAR images of that ocean surface. Eventually, when successful SAR
simulations are achieved, the inverse technique will become possible (by itera-
tion if not by direct inversion) for using SAR to provide information on the
ocean surface.

Three discipline review committees (members listed at the front of this
report) were established to provide advice for the data analysis effort. The
committees contribute by: (1) assigning priority to the data sets being
analyzed, and those to be compared with each other, (2) insuring that the
required data sets and requisite analyses are applied to resolve the relevant
issues, and (3) allowing adequate testing of the differing hypotheses before
final conclusions are formulated.

Initial priority in data analysis was assigned to those data sets needed

to validate the SAR imaging models. For this purpose priority was assigned

to those days where good-quality SAR images were obtained under desirable
environmental conditions. For example, high priority was assigned to the

data sets recorded on 31 October 1984. On this day a dominant swell propagated
through the tower site, the SAR images of ocean waves were of good quality,
and in-situ and tower-based radar measurements had been recorded successfully
during the flight period.

_During the SAR overflights the near-surface and in-situ measurements at
the tower site were coordinated to: (1) yield data sets that complemented

the SAR data (for example, tower-based radars were set at the same incidence
- angles, 359, as the tower location in the SAR image) and (2) provide ocean

surface measurements that could be used as input for simulating the SAR image.
Here, the emphasis was on providing data sets that could be utilized for
validating the "velocity bunching" vs. the "distributed surface models.

The L-Band SAR images from all flights were carefully scrutinized to
determine the influence of environmental parameters on SAR Imaging. Optical
images were used to scan a large area of the ocean in the vicinity of the NOSC
tower. Digitally-processed images were compared with optically processed ones
to establish the gain achieved with digital processing. From these standard
products, 10 digital frames were selected from the Phase-I flights for detailed
focusing studies. The selected 10 frames are shown in Table 7. For each frame,
15 focus settings were prescribed by the SAR Committee. Each focus step was
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set equal to 0.33 of the phase speed, C, of the dominant wave. Hence, the
prescribed focuses covered the range from -2.33 C to +2.33 C. A nominal value
for C is 11.0 m/s.

Table 7. SAR Frames Especially Processed for Focusing Studies.

Aircraft
Altitude 17 Oct 1984 31 Oct 1984 4 Nov 1984 7 Nov 1984

(m)

2,134 Legs 4,7

6,098 Leg 2 Leg I Leg 2 Leg 2

11,585 Legs 1,2,4,7

In the intervals without SAR overflights the tower measurements were
coordinated to provide fundamental understanding of the hydrodynamics of
modulated short waves by long waves and to understand the mechanisms of radar
backscatter from the ocean surface. Here, simultaneous measurements with the
different tower radars, stereo-cameras, and wave follower with laser-optical
slope sensor were recorded. For example, at small incidence angles, the stereo-
cameras and the laser-optical slope sensor were operated simultaneously over
ocean patches in close proximity of each other. For other (higher) incidence
angles radar backscatter measurements and stereo-photographs were obtained in
overlapping footprints. With the above measurements, recordings of the ambient
environment (e.g. wind stress, wind speed and direction, current both near the
instantaneous water surface and at 5.0 m below the mean water level, air and
water temperatures and surface energy) were obtained at the same location.

It is important to note here that understanding the processes involved
in SAR imaging of surface waves has an important bearing on understanding SAR
imaging of subsurface processes. Microwaves probing the ocean surface penetrate
only a thin layer (of order of one wave length) of the ocean surface. SAR
detection of long surface and/or subsurface oceanic features is achieved strict-
ly through interaction of short surface waves with the current fields that are
generated by the larger scale processes (e.g. surface waves, internal waves
or bathymetric changes). The short surface waves respond to the total local
current. In Chapter VI the influence of surface waves on SAR resolution
degradation is discussed. Direct measurement of resolution degradation due to
surface motion has not been possible to date. Estimation of this quantity is
presently dependent on the model used for SAR imaging of surface waves.
Resolution degradation is found to be substantial (up to 60 m in Sea State 2)
so as to make assessment of imaging subsurface processes, with length scales
less than 240 m, questionable (see Chapter VI, Table 16).

The TOWARD data sets, shown in Figure 13, provide an adequate set for
addressing issues related to SAR imaging of internal waves. This data set
will be elevated in priority following completion of the tasks related to
testing of the SAR imaging models.

26
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Other data sets of interest include analysis of SAR and RAR images (needed
for planning of a future experiment), and decay rate of short waves obtained
with the "Bobbing Buoy" (needed for understanding characteristics of ship wakes
in SAR images).
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2. U*;et in-sItu mea.suro ement.its an input in s imulat ion nodul( :s oi radaIr h.I(k.4,.a I ,-
and SAR imailng.

I. nvestipat, hydrodynamic proce.s;:es in the near sourfav(-d I.iycr.

An ado(uate s.et of in-st tu measurcments was In ncorporatedt I the "'OWAtI)
oxporient, as described in TOWARI) Science Plan (Shomdin, 1984). This chapter
s;ummarizes the data sets acquired and discusses the early results for: dirrec-
t lonal Long surface waves andt subsurface current in (A), laser-optical mf,.is'lre-
ment of short surface waves in (B), stereo-photography in (C), surface tension
in (D), atmospheric/meteorological measurements in (E), and internal wave
measurements in (F).

A. Directional Long Waves and Subsurface Current

Long wave directional properties (with directional resolution ± 25*) were
measured by a square array of pressure sensors, approximately 6m on a side,
placed 5 m below the mean water surface. Details of these measurements are
given by Guza in Volume II. The data sets acquired by this system are listed
in Table 8a for Phase-I and in 8b for Phase-It. These tables include measure-
ments of the subsurface current by a current meter, also placed 5 m below tile
mean water surface.

The wave height spectra, computed for overflight days in Phase-I, are
given in Figure 15. Their corresponding directional distributions are given in
Figure 16. Wave height spectra for eight flight days in Phase-lI and their
corresponding wave directional distributions are given in the Appendix. The
flight on 31 October 1984 produced good quality images where the surface waves
are highly visible. The data set on this day are given priority to facilitate
early testing of SAR imaging models. The L-Band SAR images obtained on other
flight days are also of good quality. The waves are less visible In most,
however, presumably because of different environmental conditions. The correla-
tion between detectability of surface waves and the local environment is an
objective in TOWARD. The spectra shown in Figures 15 and 16 provide the ambient
background against which the SAR images can be examined.

The directional wave measurements on all flight days were of good quality,
and the available data sets cover almost the entire period of measurements in
both Phase-I and II.

Sample measurements of the two horizontal components of current are given
in Figure 17 for the flight on 31 October 1984. As can be seen the current was
< 5 cm/s in the cross-shore direction and < 10 cm/s in the longshore direction
on this day. This condition (< 10 cm/s) pervailed during all the flight days.
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Table 8a. Directional Long Waves and Current Data Summary, Phase-I.

Data Time Data Quality Remarks

9-23-84 1406 - 2206 Good Currents not
9-25-84 0904 - 1704 Good except 1519 - 1545 measured
9-26-84 0904 - 1532 Good

10-6-84 0943 - 1743 Good Wave heights
10-7-84 0201 - 1001 Good and currents
10-17-84 0940 - 1413 Good have been
10-19-84 1029 - 1647 Good analyzed for
10-20-84 0847 - 1647 Good except 1311 - 1320, all flight

1528 - 1536 days for
comparison

10-21-84 0847 - 1647 Good with SAR images
10-22-84 0847 - 1502 Good
10-23-84 1517 - 2317 Good Statistics of
10-24-84 0833 - 1633 Good wave heights
10-25-84 0833 - 1633 Good shown in Figure 6
10-26-84 0837 - 1537 Good
10-27-84 0717 - 1517 Good except 0717 - 0722
10-28-84 0717 - 1517 Good
10-29-84 0717 - 1517 Good
10-30-84 0717 - 1517 Good except 0900 - 1000
10-31-84 0717 - 1947 Good

11-1-84 1156 - 1956 Good
11-2-84 0833 - 1633 Good
11-3-84 0833 - 1633 Good
11-3/4-84 2029 - 0330 Good
11-4-84 0825 - 1625 Good
11-4/5-84 1705 - 0105 Good
11-7-84 0838 - 1638 Good

Pacific Daylight Time to 27 October 1984 (inclusive)
Pacific Standard Time 28 October 1984 - 7 November 1984

Table 8b. Directional Long Waves and Current Data Summary, Phase-Il.

Date Time (PST) Data Quality Remarks

3-2 to 3-6-85 inclusive 0900 - 1700 Good - Wave height
analyzed on

3-7-85 1130 - 1700 Good flight days

3-8 to 4-8-85 0900 - 1700 Good - Wave height
statistics
shown in
Figure 6
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. B. Laser-Optical Measurements of Short Surface Waves

The laser-optical sensor was mounted on the wave follower instrument
frame, as shown in Figures 7 and 8. The wave follower truss assembly was
fastened to the tower structural extension (south side). Hence, the laser

beam penetrated the water surface at approximately 6.5m from the tower legs
when the instrument frame was pointed to the west, and 10.0m when it was pointed

to the south. The details of the wave follower and instrumentation are given
by Shemdin (1980) and Shemdin and Hoff (1986). More details regarding data

''analysis procedures are given by Hwang in Volume II of this report. Briefly,
the laser-optical system consists of a laser mounted below the water surface

with the beam pointing vertically upwards (see Figure 8). The two dimensional
optical receiver is placed above the water surface, pointing down, and detects

the position of the refracted laser beam, yielding two slope components of the
water surface. The vertical displacement of the water surface is detected by

a Reticon Camera. An electro-magnetic current meter, which measures two com-
ponents of the horizontal current, is placed on the wave following instrument
frame at 50 cm below the water surface. The data sets collected with this
system are summarized in Table 9a for Phase-I, and Table 9b for Phase-Il of
TOWARD. As noted in these tables, the available data sets cover a range of
wind speeds from 0 to 12 m/s, and provide surface truth for practically all
the flights in both phases of the experiment. A typical time series is shown
in Figure 18. The optical slope measurements in the two upper records clearly
show the high frequency structure of the surface, which is not detected by
the submerged pressure gage record shown in the lowest record in Figure 18.

The early results derived from the wave follower data are partially
described by Hwang in Volume II. Important samples of completed analysis
are included here.

A computation of the slope variance, (Vn), is given in Figure 19 as a
function of the friction velocity, U*. The TOWARD measurements are compared
with similar field results given by Cox and Munk (1954) and Hughes et al (1977).
The agreement is considered to be good. In addition to the slope variance, the
TOWARD data provide time series of slopes, and hence slope spectra. Such
results could not be produced by the photographic technique employed by Cox and
Munk (1954), but could be produced by the method of Hughes et al (1977). The
primary advantage of the TOWARD data set over Hughes et al is in the deployment
of the laser-optical sensor on the wave follower. Such configuration allowed
accurate slope measurements even in the presence of swell. Hughes et al measure-
ments were obtained in a protected body of water where swell was generally
absent. All three data sets show the slope variance to be linearly dependent
on the wind-friction velocity. Hence, the TOWARD data confirm previous findings
in this regard.

A desirable type of analysis is the determination of the probability
density function, PDF, for the wave slope time series. This was executed for
the components in the Principle Axis (defined as axis of symmetry in a 2-
dimensional PDF distribution) and Cross-Axis directions. The results are
compared with a Gaussian distribution, used for reference, as shown in Figure
20. The four panels a, b, c, and d correspond to U* equal to 7.1, 16.6, 18.2
and 27.7 cm/s, respectively. At the lowest wind speed the PDF's for both
Principal- and Cross-Axes appear to be Gaussian distributed. As the wind speed
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Table 9a. Laser Slope Sensor System Data Summary, Phase-I.

Wind
Time(l) Speed Wind Stereo-( 2 )

Date (PDT) (m/s) Direction (0) Photography Flights

10/17/84 1315 - 1345 7.5 285 CV990

10/20/84 1355 - 1455 6 265
2355 - 0025 4 120

10/29/84 1435 - 1505 5 300
1520 - 1550 4.5 300

10/30/84 1535 - 1605 3 290

10/31/84 1030 - 1100 2.5 235
1300 - 1600 3-5 280-300 4 Series CV99o

RF-4B

11/03/84 1820 - 2045 2.5 270
2330 - 2400 3 25

11/04/84 0030 - 0130 3 10
0945 - 1230 2 220 1 Series RF-4B
1530 - 1630 3 300 2 Series
1835 - 1930 1 175
2320 - 2350 2.5 0

11/07/84 1625 - 1655 4 260 3 Series CV99U

()Pacific Daylight Time.

Sseries is composed of pre-set number (12-80) of stereo-photographs
taken in sequence with a constant time lapse (1-2 seconds) between each
succeeding pair.
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Table 9b. Laser Slope Sensor System Data Summary, Phase-Il.

CU
Wind -

Time Speed Wind Stereo-
Date (PST) (m/s) Direction (0) Photography Flights

3/19/85 1400 - 1530 6 260 CV990

RF-4B, OV-1(D)

3/20/85 1000 - 1130 6 330

3/21/85 1450 - 1500 3 310 1 Series RF-4B, OV-1(D)
2030 - 2230 0

3/22/85 0340 - 0410 1.5 90
1145 - 1215 3 290 2 Series

3/24/85 1330 - 1400 3 270

3/25/85 1120 - 1150 5 235 OV-I(D)
1340 - 1700 7 240
1730 - 1800 6 230
1940 - 2010 2.5 180

3/26/85 1011 - 1140 4 210 4 Series RF-4B, OV-I(D)

3/27/85 1020 - 1050 8 225 1 Series
1330 - 1530 9± 225 CV990

3/28/85 0930 - 1130 12L 225 2 Series

4/1/85 2100 - 2230 0
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increases, deviation from the Gaussian distribution becomes more noticeable.
Also, the PDF corresponding to the Principle Axis becomes more asymmetric with
increasing wind speed.

To investigate this occurrence further, the time series are: (1) low-
passed with a cut-off of 2.5 Hz and then the PDF computed, (2) band-passed
between 2.5 and 7.5 Hz and then the PDF computed, and (3) high-passed above
7.5 Hz and then the PDF computed. The unfiltered time series and each of the
filtered time series are shown in Figure 21. Each panel shows its respective
Gaussian distribution for comparison. It is clear from panel (b) that the
long waves are random, but somewhat skewed such that the up-wind slope is
smaller than the down-wind slope. This is consistent with expected behavior
of long ocean waves at moderate and high wind speeds.

In Figure 21(c) the PDF's indicate near Gaussian behavior; a departure
from Gaussian is noticeable, however. L-Band Bragg waves correspond to frequen-
cies in this band, and it is possible that waves 30 cm in length behave in the
ocean as weakly coupled waves, under moderate wind conditions. The high-passed
PDF's shown in Figure 21(d) are highly peaked, compared to the Gaussian dis-
tribution, and they suggest that the very short waves are possibly strongly
coupled, which should be further investigated.

The frequency spectra of wave slopes, obtained from the time series, are
shown in Figure 22 for four different wind speeds. In this figure the ordinate
is the logarithm of frequency times the slope spectrum. The Phillips equilibrium
slope spectrum is proportional to f-l so that a spectrum cnnforming to Phillip's
description would appear parallel to the horizontal axis in Figure 22, and
independent of wind speed. The TOWARD results deviate from the f-1 description
and show systematic dependence on wind speed.

Pierson and Stacy (1973) proposed a model which incorporates the dependence

of the slope spectrum on wind speed. Comparisons of the TOWARD results with
Pierson and Stacy's predicted slope spectra are shown in Figure 22. Here the
agreement is less than satisfactory. The predicted spectra overestimate the
wind speed required to generate a certain equilibrium slope by a factor of five
at high wind speeds, and a factor of three to four at lower wind speeds. The
Pierson and Stacy model relies in its derivation on wave height measurements
obtained with capacitance wave gages, among others. These are known to have a
low-frequencey response (< 8.0 Hz). Hence, waves with higher frequencies are
attenuated. The Pierson and Stacy model does not incorporate this defect in
measurements. It is clear from the TOWARD results that significant wave energy
exists at wind speeds below those predicted by the Pierson and Stacy model. An
objective in the TOWARD hydrodynamic investigation is the development of a more
realistic wave spectral model that is consistent with TOWARD observations.

Wave-slope frequency spectra can be transformed to wave-number spectra
through a conversion process that is described in detail by Hwang (1986).
Typical frequency spectra are shown in Figure 23a. The high-frequency tail
slope is greater than -1.0, as observed before (Figure 22). The converted wave-
number spectra are shown in Figure 23b. The high wave-number tail slope is
-4.0. Of central importance to the objectives of this study is the modulation
in the wave number spectra of short waves by long waves. The first of these
results are given in Figure 24. The wave number spectra appear to preserve the
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PIERSON AND STACY
(1973)

U1 0 = 27.9 m/s

TOWARD
MEASUREMENTS

U. (CM/S) U (miS)

.1 27.7 cm/s 5.9

dm16.6 cm/s 5.2

ca16.6 cm/s 4.5

PIERSON AND STACY0

U. - 31.0 cm/s7. ms3
U1 0 -9.0 m/S

-3

0 1 2

LOG If (1/0)1

Figura 22. Dependence of Wave Slope Spectra on Wind Speed.
-Toward Laser Optical Slope Measurements,
-Predictions According to Pierson and Stacy (1973).
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k- 4 shape over most phase locations along the long waves (lower trace), except
over the trough regions. There, the short wave energy appears to be absent.
In between consecutive troughs the modulation in wave-number spectral level,
preserving the k- 4 shape, is over 2-decades in wave energy. More detailed

investigation of this process is necessary before definitive conclusions can
be drawn.

C. Stereo-Photography

Two Hasselblad cameras with 150 mm lenses were used to photograph a section
of the ocean surface with an overlapping area of approximately 3m x 3m. This
area is suitable for short ocean wave studies at L-Band, consistent with the

h primary objective of TOWARD. Primary emphasis was given in Phases I and II
to the collection of data near the radar footprints. The cameras were operated
from the main deck of the tower (see Figure 2) with a baseline, (camera separa-
tion) to height (vertical distance to the water surface) ratio of 0.4. This
ratio is consistent with the stereo-data processing requirement to yield a
surface elevation resolution of 3 mm. The periods during which the stereo-
cameras were operated are given in the Appendix. A typical stereo-analyzed
frame is shown in Figure 25 for photo-frame 24 on 27 March 1985. The bright-
ness level at each x-y horizontal point in the data plane corresponds to the
magnitude of the z-elevation. The stereo-photo analysis provides 300 scan lines
along the x-direction; the point separation in y is 0.85 cm. From individual
contours the mean surface elevation is constructed, as shown in Figure 25.
These contours show a surface elevation rise of the order of 40 cm over a
horizontal length of 200 cm, giving a mean surface slope in excess of 100. The

short wave structure is seen superimposed over the mean sloping surface. This
combination of mean slope and high frequency surface elevation provides the
information necessary for radar backscatter simulation.

While the stereo-generated surface does not preserve breaking-wave signa-
tures (other than in showing plateau regions), such white water regions are
observed in the individual photographs. In Figure 26 the region analyzed
stereographically is superposed on the left photograph. Here, breaking waves
appear at a crest region (plateau), and another small breaking patch appears in
the maximum slope region.

To gain further insight on the nature of water surface roughness superposed
over a sloping water surface, a single point scan (point A in Figure 25) is
shown in Figure 27(a). The rise in mean water level is large compared to water
surface displacement of short waves. Imposing a 50 cm running average on the
scan in Figure 27(a) gives the result shown in Figure 27(b). Subtracting Panel
(b) from Panel (a) gives the small scale roughness shown in Figure 27(c). The
wave-number spectrum of the record in Panel (c) is shown in Panel (d). The
latter exhibits a k- 3 slope and a well defined peak at a wave length 25 cm long.

The results in Figure 27 suggest that the water surface, shown in the
stereo-photograph, is composed of the following: (I) the small scale roughness
has a peak at L-Band. The short waves (approximately 5 cm in wave height) are
superposed on the long waves which have wave heights a proximately 30 to 40 cm;

(2) the wave number spectrum of the short waves has k- slope in the high wave-
number domain. The accepted slope is k- 4 , but direct meaRurements have not
been available to date. Also, the short waves may be highly strained by the
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Figure 25. Map of Surface Elevation Determined from Stereo-Pair

Frame 24 Acquired on 27 March 1985. The Contours
Represent the Mean Surface Elevation Above an Arbitrary
Datum. Intensity in the Frame Represents Small Scale
Surface Elevation, Z, at Each Point in X-Y Plane.
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Figure 26. Photograph of Sea Surface Showing Wave Breaking. Superposed

Surface Elevation Contours Are Derived From the Stereo-Pair
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long waves, yielding a modified spectrum. It is important to note that useful
information on short waves can be obtained after the mean surface due to long
waves is removed from the total record. Statistical reliability requires3 processing of several frames, which is now in progress.

A more precise determination of the wave number spectrum is obtained by
utilizing the 2-D FFT technique. Here, the mean water (low pass) surface is

computed first and subtracted from the total surface, yielding the small scale
surface. The 2-D procedure yields the wave directional distribution. The 2-D
FFT, applied to the small scale surface, produces the results shown in Figure
28. In Panel (a) the directionally-averaged wave number spectrum is shown. The
slope of the high wave number region is k- 3 , consistent with Figure 27(d). In
panels (b) , (c) and (d) the directional distributions for selected wave numbers,
corresponding to wave lengths 18, 8 and 12 cm, are given, respectively. The
distributions shown in panels (b) and (d) can be fitted with a cos 4 6 function.
The distribution in panel (c) is more peaked and fits a cosl 6O function. T

D. Surface Energy

The technique for measuring surface energy in TOWARD is described in detail
by Garrett in Volume IT. The data sets collected with this device are given in
Table 10 for both Phases I and II of TOWARD. A sample time history of surface
energy change is shown in Figure 29. A substantial dip is observed at a location

where an administered oil slick passed through the sampled region. A typical

time series of the derived surface tension change is given in Figure 30. The
remaining data sets are detailed by Garrett in volume II of this report.

Correlations between radar backscatter, short wave slope and surface
tension 

measurements 
are in progress.

"E. Stress and Drag Coefficient Measurements

These measurements are described in detail by Geernaert in Volume It.
Briefly, the instrument set-up on the tower mast included the following (sensor

elevations are indicated):

Sensor Elevation (m)
Above Mean Sea Level

1 . Sonic Anemometer 22m
2. Lyman - a 19m
3. Cold Wire 22m
4. Hot film 22m
5. Bulk Air and Dew Point 18m

Tempe ratures
6. Cup Anemometer 18m
7. Wind Vane 17m
8. Water Temperature -3m
9. 40 Radiosonde Launches in

March 85
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Table 10. NRL Surface Tension Measurement System Data Summary. Time is in

Pacific Daylight Time and Pacific Standard Time Before and After

02 am 28 October 1984, Respectively.

Date Time Date Time Date Time

S09-20-84 1620 - 1648 10-15-84 1616 - 1704 3-08-85 1015 - 1357

09-21-84 1624 - 1657 10-16-84 0933 - 1146 3-12-85 0915 - 1611

• 09-22-84 0836 - 0851 1833 - 1842 3-13-85 0853 - 1057

0915 - 1013 1130 - 1622

10-27-84 0852 - 1414

09-24-84 0822 - 0958 3-14-85 0822 - 1059
1013 - 1057 10-18-84 0915 - 1238

1105 - 1232 1315 - 1357 3-15-85 110 - 1539

1240 - 1358 1416 - 1440
3-16-85 1013 - 1400

09-25-84 0814 - 0937 10-20-84 0940 - 1144

1014 - 1058 1315 - 1815 3-18-85 1032 - 1140

1109 - 1333 1853 - 2223
3-19-85 1001 - 1223

09-26-84 0853 - 0856 10-23-84 0843 - 1006 1513 - 1637

0907 - 1459 1152 - 1422
1634 - 1722 3-20-85 0826 - 1233

09-27-84 0847 - 1459 1505 - 1605

10-24-84 0847 - 1128
09-28-84 0839 - 1210 1208 - 1448 3-21-85 0943 - 1757

1223 - 1501 1516 - 1654
3-22-85 0828 - 1257

10-02-84 0924 - 1044 10-25-84 0835 - 1256 1553 - 1630
1053 - 1558 1454 - 1557

10-03-84 0906 - 1520 10-27-84 0847 - 1021 3-24-85 1208 - 1539
1124 - 1654 3-25-85 0823 - 1153

10-04-84 0842 - 0957 1246 - 1358

10-28-84 1110 - 1250 1543 - 1555

10-06-84 1005 - 1150 1315 - 1558 1611 - 1746

1129 - 1609 1819 - 1831

10-29-84 1109 - 1619
10-09-84 0556 - 0659 3-26-85 0929 - 1258

0850 - 0918 10-30-84 0823 - 1056 1520 - 1558

1341 - 1359 1120 - 1519
1424 - 1450

10-31-84 0936 - 1256
10-11-84 1843 - 2008 1415 - 1457

2030 - 2105
23 11-02-84 1017 - 1622

10-12-84 0841 - 1317

1651 - 1814 11-03-84 1319 - 1725
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The meteorological conditions and data quality are summarized in Table 11.
In general, sea breeze conditions were frequently encounterd. The associated
sea breeze fetch was less than 50 km when the wind direction was from the west
and less than 4-8 km when the wind direction was from the east. The flow dis-
tortion at the top of the mast was minimal for winds from west and north, but
substantial for winds from south and east. The latter data sets were deleted
in the analysis phase. Continuous data collection was obtained from 2 October
to 7 November, 1984 in Phase 1 and from 4 March to 28 March 1985 in Phase II.

A detailed analysis, by Geernaert (Volume II) and Geernaert et al (1986),
of the Drag coefficients, using the dissipation method, in the range 2-11 m/s,
has yielded the following results:

1. The drag coefficient is constant in the range U1 0 = 4-10 m/s with
magnitude equal to 1.14±0.4 x 10-3. The drag coefficient increases when
U10>1O m/s in a manner consistent with Smith (1980) and Large and Pond (1981).

2. The drag coefficient is generally larger for short fetches compared to
long fetches. The available data set for this study is limited to U1 0 <4.0 m/s.

3. Large drag coefficients are observed when cold fronts approach.
Correlation of these with wave observations will be revealing.

4. The drag coefficient is large during the initial stage of sea breeze
and diminishes as the cycle progresses in time.

F. Thermistor Chain Measurements

Continuous measurements from the thermister chain system, shown in Figure
9, are available throughout the periods of measurements in both Phases-I and
II of TOWARD. The temperature measurements are presented in terms of time
histories of isotherms varying in the water column at the tower site. The
data segments that indicated presence of internal waves are shown in Table
12. A typical internal wave event is shown in Figure 31, as was observed on
7 October 1984.

The analysis of internal wave data is given important attention in light

of dominant interest. The focus on resolving the SAR imaging mechanisms for
surface waves has pre-empted the possibility of producing early results related
to internal waves.

G. Summary and Conclusions Derived from In-Situ Measurements

It is clear from the above that extensive in-situ measurements are avail-
able to serve both as: (1) surface truth for radar observations, and (2) basic
information, to investigate the near surface layer, and in particular the
modulation of short waves by long waves. The measurements of short waves,

A, using stereo-photography, was designed to measure wave lengths in the L-Band
range (an adequate investigation of shorter waves, e.g. X-Band range, requires
a different configuration of cameras and lenses). The directional long wave
measurements are limited in their directional resolution. A high resolution
array can enhance the quality of this data set. Nevertheless, comparisons
between SAR derived and in-situ derived wave spectra are possible, as will
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"Table 12. Internal Wave Events Data Summary.

i
Data Time (GMT)

09-06-84 1800 - 2000
2000 - 2200
2200 - 2230

09-07-84 0800 - ?
1549 - 1700

09-20-84 1100 - 1300
09-25-84 1900 - 2100

* 09-26-84 1500 - 2200

10-02-84 1600 - 1800
2100 - 2300 U

10-06-84 1700 - 2000
2200 - 2400

10-07-84 1200 - 1300
1450 - 1800

10-13-84 1600 - 1800
2000 - 2200

10-16-84 1300 - 1600
10-17-84 1700 - 2300
10-20-84 2300 - 0300 (10-21-84)
10-23-84 1600 - 1930
10-24-84 1700 - 2400

* 10-25-84 1700 - 2300

10-27-84 1900 - 2300
10-28-84 2300 - 0020
10-29-84 1900 - 2000
10-30-84 2200 - 2400
11-02-84 2300 - 0100 (11-03-84) I
11-04-84 0100 - 0400
11-05-84 0000 - 0400

03-15-85 2200 - 2300
03-20-85 2300 - 2400
03-26-85 0300 - 0500
04-02-85 2200 - 2320

*Strong Activities
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be demonstrated in chapter VII.

The preliminary conclusions derived from analysis of in-situ measurements
to date are:

1. The dominant long wave energy during the SAR flights was from direction
2900, which corresponds to the window north of San Nicolas, and south
of Santa Rosa Islands. These waves are imaged by SAR as practically
undirectional. The directional wave array shows more directionally
distributed wave energy at the same time and location.

2. PDF's of slope measurements indicate near Gaussian distribution for
wave frequencies less than 2.5 Hz, and non-Gaussian distribution for
waves high-passed above 7.5 Hz. Non-Gaussian behavior is normally
associated with strongly nonlinear wave-wave interaction.

3. Slope frequency-spectra of short waves indicate that the Pierson and
Stacy (1983) model overpredicts wind speed, for a given slope inten-
sity, by a factor of 3-5.

4. Direct measurement of the directional wave-number spectrum of short
waves is possible with stereo-photography. The first frame yields the
high wave-number slope to be k- 3 , and a directional distribution that
can be approximated by cos 4 e. Statistical averaging obtained from
analysis of more frames is required to confirm these observations, and
is in progress.

5. The meteorological obervations indicate that the drag coefficient
depends on fetch and is higher for small fetches. The drag coefficient
also depends on storm conditions, being higher during the passage of a
front than after (when steady winds prevail, for a long period of time).

The measurements of surface tension are valuable in their own right; they
represent the first open ocean time series of surface tension recorded to date.
The observations were sampled every three minutes. Hence, the data set is
suitable for detecting surface tension variability with time scales greater
than six minutes. Internal waves and processes with longer time scales can be
investigated. Surface tension variability along the profile of a surface wave
can not be obtained with this data set.

The internal wave measurements were restricted to a single station. The
temperature profile and the horizontal current vector at 5 m below the water
surface were measured. The salinity change with depth is known to be negligible
at this site, so that time series of the density profile can be derived from
the temperature profile. Because of finite depth considerations, the internal
waves can be assumed to be parallel to the bottom contours. These assumptions
allow the development of space-time models that characterize the internal waves
being detected with the thermistor chain. Correlations with radar backscatter
and short surface waves can be computed to determine the modulation of short
surface waves by internal waves, subject to these stated assumptions.
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V. RADAR BACKSCATTER MEASUREMENTS: OBJECTIVES, DATA SUMMARY AND EARLY RESULTS

The primary objectives for obtaining direct radar backscatter meas rements
in TOWARD are to:

1. Determine the effect of radar backscatter modulation by long waves on
synthetic and real aperture radar imaging of the sea surface.

2. Improve understanding of the mechanisms responsible for radar back-
scatter from the sea surface (e.g. Bragg, specular and wedge), and to
assess the relative contribution of sea spikes in relation to less
spurious fluctuations.

3. A non-SAR objective is to provide a data set sufficiently complete to
enable assessment of limitations of existing scatterometer models.

To achieve these objectives, simultaneous measurements were incorporated
with parallel radar systems operated by the University of Kansas, Naval Research
Laboratory, and Jet Propulsion Laboratory. In addition short wave slope
measurements were obtained with the laser-optical sensor and with stereo-
photography. Such a collection of simultaneous measurements, under various
environmental conditions, provides a unique opportunity for addressing the

stated objectives.

A. Jet Propulsion Laboratory System

The Jet Propulsion Laboratory radar was described in the Science Plan
(Shemdin, 1984). It was operated from the main deck of NOSC tower, which
restricted its operating range of azimuthal angles and reduced its signal to
noise ratio. A summary of the acquired data sets are given, in tabular form,
in the appendix. Analysis and comparison with other radar data sets is in
progress.

B. Naval Research Laboratory System

The Naval Research Research Laboratory radar operated a pulsed L-Band
system in both phases I and II. it was placed at 350 incidence angle and in HH
mode during the SAR overflights. The data collected are of high quality and
form an essential element toward validating SAR imaging theories.

A Ku-Band CW radar was operated during Phase II only. The objective for

deployment of this radar was to put to advantage the meteorological and
oceanographic measurements for use in evaluating the functional dependence of
radar cross-section on wind speed when other environmental parameters are
varied. The system was coherent so that amplitude and phase information could
be recorded on an analog magnetic tape recorder for later analysis. Both mean
cross-sections and modulation transfer functions are computed from the recorded

data.

The pulsed L-Band system used for SAR simulation was also coherent; its
output was recorded on analog tape. During periods in between flights (by far
the majority of the time), this system was used to record data for use in

investigating mean radar cross-sections and the modulation transfer function.
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A complete log of data acquired is given in the Appendix. Times of aircraft
overpasses are also noted in these tables. Data analysis and comparison with
other data sets is in progress.

C. University of Kansas System

The University of Kansas radar was described in the Science plan; it was
operated from the upper deck of NOSC tower. An extensive set of measurements

was obtained during phases I and II of TOWARD. The data sets are summarized
in tabular form in the Appendix. The tables specify periods of measurement,
incidence and azimuthal angles, frequency and relation to wind or wave direc-
tions. All data sets have been processed and are being used for analysis and
comparison with other radar data sets. The first results discussed below are
almost exclusively based on this data set. A summary comparison of the three

radar systems used in TOWARD is given in Table 13.

Table 13. Tower Radars System Characteristics.

U. Kansas NRL JPL

Frequencies (GHz) 1.5,5,10,15 1.5,14.0(1) 3-18

Polarization VV,HH VV,HH VV,HH

Surface Wave Property
Measured wave height orbital velocity wave height

Backscattered Signal
Measured power power total signal

(can process
to power)

(1)Phase-ll only

D. Data Analysis and Early Results

Initial priority in radar-backscatter data analysis was given to day 31
October 1984, in support of the priority established by the SAR committee.
The early results rely on these data sets; other days have now been analyzed

An important element toward understanding the mechanisms of radar-back-
scatter is a firmer understanding of sea spikes, their frequency of occur-
rence, relative contribution to the total radar backscatter, and whether they
are generated by specular or Bragg mechanism. A sea spike was defined in
the preliminary analysis as instantaneous return in excess of 6 dB above the
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average returned power. The University of Kansas data set acquired on 31
October 1984, was analyzed to investigate the influence of sea spikes on the
radar cross-section, 0o. Five records at L-Band and five records at X-Band
were studied to determine the influence of sea spikes on co. Samples of these
L-Band and X-Band records are shown in Figures 32 and 33, respectively. The
result of the analysis is shown in Table 14.

The results in Table 14 indicate that sea spikes have no significant
influence at L-Band. The X-Band analysis, also shown in Table 14, indicates
presence of more frequent spikes in the record. Comparisons between University
of Kansas data sets and those acquired by NRL and JPL are in progress.

To investigate the contribution of sea spikes to total radar backscattered
power at X-Band, an extensive data set was analyzed at different wind speeds
and look angles (relative to wind and wave directions). These are summarized
in Table 15. The frequency of occurrence of sea spikes varies in the range I-
5% of the total points sampled. An example of the distribution of spikes in
bins greater than 6dB is given in Figure 34 for *a wind speed of 4.5 m/s. In
this example the spikes occurred 1.16% of the sampled times and increased the
total power by 0.17dB or 4.0%.

The wind speed dependence is shown in Figure 35, where at 6.5 m/s wind
speed the frequency of occurrence of all spikes becomes 3.36%, and the spikes
contribution to the total power becomes 0.8db or 20%. The frequency of occur-
rence of spikes decreases as the threshold is increased above 6dB, as expected.
Whether such a decrease in frequency of occurrence can be explained in terms
of radar backscatter mechanisms remains to be investigated.

At frequencies above X-Band one may expect higher occurrence of spikes
(since hardly any spikes are observed at L-Band). Examples of such occurrence
are given for 14.6 GHz radar at two different wind speeds. The results for a
wind speed of 3.5 m/s are given in Figure 36, where spikes contribute negligibly
to the total return power. In Figure 37, similar results are given for 7.0 m/s
wind speed. Here, the spikes occur 12.31% of the time and increase total power
by 2.4 dB or 73%.

Another objective in radar backscatter analysis is the determination of
whether and, if so, how radar backscatter is modulated by the long ocean waves
in the cross-wind and cross-wave direction. Differing views exist on this
point because it is an argument in support of the "Velocity Bunching" hypothesis

for SAR imaging of the ocean surface. Using University of Kansas time series,
wave height (from :adar ranging technique) and backscattered power are shown in
Figure 38. From these records the modulation transfer function, Ma, is computed A
from (subscript a refers to wave amplitude)

Ma (6) H pa(S

K P Haa(7)

o I.
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Table 14. Analysis of Radar Backscatter for "Sea Spikes" with
University of Kansas Multi-Frequency Radar. All the
Records were obtained on 31 October 1984 between
13:00 and 16:00 PST. The Wind Speed was 3-4 m/s.
Sampling Interval of 0.2 s was used.

Pre-Removal Post Removal
Run Number Total Number Average Power Average Power Frequency
No. of Spikes of Samples (dBM) (dBM) (GHz)

L-Band: 1.5 GHz; Incidence Angle: 450,

Look Direction: Cross-Wind; Polarization: HH

310106 0 1120 -25.930 -25.931 1.5

310107 1 2975 -24.811 -24.821 1.5

310108 0 2960 -26.430 -26.440 1.5

310110 0 1420 -26.00 -26.02 1.5

310111 0 1680 -25.62 -25.62 1.5

X-Band: 9.6 GHz; Incidence Angle: 55%,
Look Direction: Down-Wind; Polarization: HH

31202 38 2140 -30.135 -30.417 9.6

31204 22 2605 -32.287 -32.438 9.6

31206 19 1230 -30.878 -32.122 9.6

31207 39 2920 -29.796 -30.017 9.6

31211 107 4580 -29.736 -30.146 9.6
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Table 15: Contribution of Sea Spikes to Total Radar Back- 4.

scattered Power at X-Band.

Frequency = 9.6 GHz, POL = VV, Incidence Angle = 450

Percent Ratio

Look Angle Look Angle of Spikes/Total

Windspeed (mis) W.R.T. Wind W.R.T. Wave Samples Date/Run #

4.5 150 800 5.80% 260120

150 800 3.57% 260117
450 200 1.16% 260121

450 250 1.30% 260119
450 200 3.98% 260115

900 250 1.34% 260122

900 250 1.57% 260116

1600 800 2.60% 260113

5.0 00 600 3.58% 270215

00 00 2.96% 220012

00 00 3.61% 220011

300 200 4.41% 270211

300 400 4.97% 270212

500 600 4.02% 270213

500 600 3.81% 370210

800 700 2.79% 270214

5.5 150 800 3.41% 260123
450 200 4.04% 260124 Il

6.5-7.0 900 00 3.36% 270002

900 00 3.44% 270009

7.5-8.0 100 600. 3.05% 270205

100 600 3.60% 270203

300 1,O0 3.35% 270206

300 400 2.93% 270202

500 600 4.22% 270207

800 700 2.28% 270208

1400 700 1.41% 270204
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I

a where a and K refers to long-waves frequency and wave-number, respectively,

Hpa is the cross-spectrum of backscattered power and amplitude of the long
waves, and P is the mean backscattered power. The wave height spectrum,
coherence and MTF obtained from the two records in Figure 38 are given in
Figure 39. Panel (a) in Figure 39 indicates presence of a dominant long wave
at frequency 0.12 Hz. Panel (b) indicates high coherence levels between wave

2 height and radar backscatter. Panel (c) suggests the peak energy in the
modulation transfer function is at the dominant frequency of the long waves.
Finally, Panel (d) indicated that the modulation peak in radar backscatter

leads the wave displacement by 800 at the dominant frequency.

Another example computed from the data set obtained during the SAR flight
of 31 October 1984 is shown in Figure 40. The radar look angle was approximately
perpendicular to both wind and wave direction (azimuthally travelling waves).
Panel (a) shows the peak in wave height spectrum at 0.14 Hz. Panel (b) shows
a corresponding peak in the power spectrum of returned power at 0.14 Hz. Such

I correspondence is not confirmed in the NRL data. Further resolution of this
issue is an element of the data analysis in progress.

E. Summary and Conclusions Derived from Radar Backscatter Data

The available data sets obtained with radars deployed on the NOSC tower
form a data base adequate to explore a variety of problems needed for under-
standing the mechanisms of radar backscatter from the sea surface. Results
obtained from analyses of data can be summarized as follows:

1. At L-Band spikes occur infrequently in low to moderate wind speeds,
and contribute negligibly to the mean backscattered power.

2. The frequency of occurrence of spikes increases with higher radar
frequencies and higher wind speeds. Such an increase also corresponds
to an increase in the contribution of spikes to the mean backscattered
power.

S3. The mechanism responsible for generating spikes is not yet explained
definitevely.

An important issue, for which the necessary data sets from TOWARD are
available, is the significance of the modulation in radar backscatter induced
by long azimuthal waves. Comparisons between the NRL, JPL, and University of
Kansas data sets are in progress with the aim of establishing consensus on this
issue.

Other insights are expected to emerge when radar backscatter measurements
are compared with measured slopes of short waves. Here, modulation of short
waves by long waves can be computed from the radar data set and from the laser
slope data set independently. Agreement vs. disagreement in the computed modu-
lations will be revealing.
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Figure 40. L-Band Tower Run 108, on 31 October 1984, Auto- and Cross-
Correlations of Wave Height and Radar Backscattered Power.
Wind Speed = 3.5 m/s, Wind Direction = 2870, Wave
Direction = 2900. Radar Look Direction = 200, Incidence
Angle = 450, Polarization - HH. (a) Wave Height Spectrum,
(b) Radar Backscattered Power Spectrum, (c) Cross-Spectrum
of Radar Power and Wave Height, (d) Modulation Transfer

Function, Ma, (e) Phase of Ma, and (f) Coherence.
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VI. SAR IMAGING ARGUMENTS

There is considerable interest in understanding the theoretical basis
for SAR imaging of the ocean surface. The early work of Larsen, Moskowitz
and Wright (1976) probably marks the beginning of this trend. Their analysis
remains valid to date for the assumptions they stipulated. Hence, it is
reviewed here to underline departure from their theoretical approach in appli-
cations where their assumptions are no longer valid. In this chapter, SAR
imaging arguments are presented in (A) when the ocean surface is flat, i.e.
no surface waves, and in (B) when surface waves are present. The impact of
surface waves on SAR resolution is discussed in (C).

A. SAR Ocean Imaging Arguments of a Flat Sea Surface

Larsen et al (1976) considered imaging of a flat ocean surface (no surface
waves). The ocean was assumed to have a current distribution of the form shown
in Figure 41.

The Doppler frequency shift, Au, was determined to be

j= 2 k (V + U),

(1)

Aw 2 k (V - + Ux
R'

where k is the radar wave number, V is aircraft velocity, U is surface current,
R' is horizontal component of range and y' is target displacement in aircraft
coordinates. The Doppler shift is related to the x-component of current, IJx,

and platform speed (see Figure 42).

The voltage received in radar platform coordinates is given by

e(t) - f p(y', t) exp [iAu (y') t] dy' . (2)

y

t I so (y)

A/CI
Figure 41. Schematic of Surface Current Distribution in Larsen et al (1975).
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Figure 42. Schematic of SAR Horizontal and Vertical Geometry.

The transformation to earth coordinates is specified by:

y = y' + Vt.

A transformation of variables is introduced

s - 2kt (V/R')

so that the Doppler Shift in Equation (1) becomes

s R?
A, M -s V + - (y + (- ) U), (3)

t V

or
S~R'

( awt - -s Vt + s (y + (- ) uX) . (4)
V

When p(y', t) = po, a constant representing a homogeneous roughness, Equa-
tion (2) is used to calculate the radar backscatter voltage in earth ordinates

V9
e(s) - f Po exp [is(y + - Ux)] dy ,(5)

V

where the quadratic error term, exp (-isVtJ has been removed (normally done by
matched filtering in SAR systems).

Introducing another coordinate transformation

R'r = y+ -) Ux ,

V

74



the voltage return has a Fourier integral from

I ~P 0 exp [irs]

e(s) - f dr . (6)

+ R' d Ux,

V dy

For demonstration purposes, if the derivative term in the denominator is
small, i.e.,

R' d Ux(-<< I <
V dy

Equation (6) is approximated by

R' d Ux
e(s) - f [I-(- ) - ] exp [irs] dr . (7)

W V dy

The Fourier transform, 1(y), provides voltage intensities in the image
domain

R' d Ux,"I (y) - I -( _ ) - . (8)

V dy

If one considers a sea region that is quiescent and defines 10 (y) to
d Ux

correspond to - = 0, then 10 (y) - 1, and the modulation in the image domain
becomes. dy

61 (1 - Io) R' d UxS= ~ _ ) .(9)
7 Io 10 V dy

Using the incidence angle, 0 , to relate range, R, to horizontal component
of range R'

R' = R sin0

the "velocity bunching" argument, as coined by Larsen et al (1976), is defined
for no surface waves as
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S = (~) sin ° (10)
10 V dyV.B.

For a Real Aperture Radar (RAR), intensity modulation in the image can be
defined in terms of a hydrodynamic modulation which is assumed to be related to
radar backscatter, ao, modulation i.e.,

61 6a£5
(•_ =(*%_ = .o (11)

10 RAR 0 HYDRO 00

For SAR, the intensity modulation in the image can be determined as the
sum of the real aperture modulation (amplitude) and velocity bunching contribu-
tion (phase):

61 61 6IL-)_ =(6) + (•-- (12)
SAR RAR V.B.

It is noted that the above arguments have been stipulated for an ocean

surface that is flat.

B. SAR Ocean Imaging Arguments in Presence of Surface Waves

In the presence of surface waves it is shown below that the SAR imaging
process is somewhat more complex than described above for a flat surface. We
now consider azimuthally travelling surface waves superimposed on a surface
having the same mean current distribution described in Figure 41. This is
shown schematically in Figure 43.

U (y)

AZIMUTHAL WAVE CRESTS

C p p(Y t)

Figure 43. Schematic of SAR Geometry in Presences of Waves and Current.
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The vertical displacement of the water surface is defined by n. Under
such conditions the Doppler frequency shift becomes

(Aw) ý 2 k + U0 -+ U x + - cosO) , (13)
R' R' dt

dnj
where U0 is the horizontal orbital velocity of swell and - is the vertical or-Sdn dt

bital velocity. Denoting d- = Vo and using the change of variables specified
dt

before, the phase variable becomes (assuming Uo << V)

R1 R1(Aw)t - -svt + s(y +- Ux +- V 0 cos 0).

V V

In the presence of swell, Equation (2) becomes

Rf R1e(s) - fp(y,t) exp [is(y + -- U + - V cos e)] dy, (14)

V V

where the quadratic term exp [isVt] is again filtered out. Since

Vo = Vo(y,t) ,

Equation (14) is nonlinear. It must be evaluated accurately if the ocean to
image transfer function is to be defined in the presence of surface waves. In
the theoretical approach by Alpers and Rufenach (1979) the integral in Equation
(14) was solved by assuming the integrand to be piecewise constant. The
latter assumption ascribes to their solution a similarity with the "velocity
bunching" argument introduced by Larsen et al (1976). This assumption allows
the solution for the transfer function to take place on a patch (area large
compared to Bragg waves and small compared to long ocean waves) by patch basis,
where each patch is composed of roughness elements that are independent of the
neighboring patches. The patches are shifted in the image plane along the
azimuthal axis by

R1

S(- ) Vo cos e (15)
V

where the variables are as defined before. The displacement of the patches, in
this approach, is considered sufficient to form an image of the long waves even

if the ocean surface roughness is uniform in the azimuthal direction.
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The measured backscatter modulation at different focus settings given by
Jain and Shemdin (1981), for an azimuthally traveling wave, suggests motion of
the backscatter pattern with a velocity that is of the order of the phase
velocity of long waves. Their results, based on MARSEN data, are shown in
Figure 44. A simulation based on a simplified solution of Equation (2) using
the "velocity bunching" approach, by Plant (1982), is compared in the same
figure with the experimental results of Jain and Shemdin. The Plant simulation
does not reconcile motion of the sea surface to the order of the phase velocity
of long waves. The latter magnitude of surface motion can be inferred from m
the SAR equation, given in Equation (14), where p(y,t) can be viewed as a
roughness pattern that propages with the wave phase velocity.

The predictions provided by the different theoretical approaches consti- ý1
tute a central argument for executing the TOWARD experiment. The intent is to
resolve the theoretical discrepancies through detailed comparisons with measure-
ments. Comparisons with the TOWARD results are presented in Chapter VII (see
for example Figure 57 for comparisons between TOWARD, MARSEN and "Velocity
Bunching" simulation).

C. Degradation of Resolution

An important by-product from an accurate solution of the SAR Equation (14)
is a correct estimation of the degradation of SAR resolution. A simplified
solution of Equation (14) by Jain (1981), for a sinusoidal wave suggests that
the Image Resolution, ýa' in SAR is degraded in the azimuthal direction by

a= H V . (16)

V

This form is also suggested by Beal et al (1983) based on experimental
evidence. Note that Equation (16) is similar in form to Equation (15). Hence, -

in the"velocity bunching" approach the azimuthal shift, determined to be re-
sponsible for image formation of azimuthally traveling waves, is the degraded
resolution in the nonlinear solution for sinusoidal waves. Obviously, these
differences are sufficiently fundamental to require an explanation.

Our ability to determine whether certain oceanographic features can be
detected is of interest. Such ability is directly dependent on the SAR reso-
lution and the length scales of processes being detected, provided that suffi-
cient modulation in the image exists to define the feature. In the Marineland
experiment Shuchman and Shemdin (1983) determined that for surface waves, a SAR
resolution less than one quarter of a wavelength is required to detect surface
waves. Extending this approximation to other ocean features (subject to later -'

verification), it is reasonable to assume that a SAR resolution of at least one
quarter of a feature length is necessary to detect the surface signature of
that feature. Using this assumption, we may demonstrate with Equation (16)
which ocean features can be detected with SAR in a given sea state. The ability
of SAR to detect internal waves, bottom topography or current boundaries can be
evaluated now. This is shown in Table I by computing SAR resolution for each
of three sea states - calm, moderate and high.

From Table 16 it is seen that ocean features that are smaller than 80, 240
and 380 m In Sea States 1, 2, and 3, respectively, cannot be detected in a SAR
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Table 16. Effect of Surface Waves on SAR Detection of Ocean Surface Features.

(Sea State) + (1) Calm (2) Moderate (3) High

Wind Speed (m/s) 2 5 10

Wavelength (m) 100 100 150

Wave Amplitude (m) 0.5 1.5 3.0

Wave Period (s.) 8 8 10

Uo (m/s) 0.4 1.2 1.9

Assume R/V = 50

Resolution, za(m) 20 60 95

Minimum Length to
Identify Feature (m) 80 240 380

Table 17. Importance of Sea State in Detecting Ocean Surface Features.

(Sea State) + (1) Calm (2) Moderate (3) High

Internal Waves
Large (500 m) N U I
Small (100 m) N I I

Bottom Features N U I
(Scale - 500 m)

Current Boundaries N N U
(Scale - 1 km)

N - Neglible

U - Uncertain
I - Important
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image when the R/V ratio exceeds 50. This ratio is typical of the CV-990
aircraft operations with the JPL: L-Band SAR. In Table 17 length scales of
important ocean features are shown, and when matched with the resolutions
calculated in Table 16, the importance of sea state on imaging such features is
highlighted.

It is clear from this assessment, and subject to verification of Equation
(16), that in calm seas, sea state is not an important factor in detecting
internal waves, bottom features or current boundaries. In calm seas the
simplified solution of the SAR Equation (2), referred to as the "velocity

bunching" approach is probably valid. However, in sea states greater than 1,
the influence of surface waves may be profound, depending on the length scale
of features being detected. Here, the complete solution of Equation (2) or
(14) is necessary to assess detectability of an ocean feature. Of particular
importance is the fact that the nonlinear nature of Equation (2) prohibits
apriori filtering of ocean surface waves from other ocean features of interest.
Consequently, the use of matched filters remains to be justified in extracting
ocean signatures when the SAR resolution is degraded by surface waves.

The form given by Jain (1981) in Equation (16) is one of many representa-
tions proposed by SAR investigators. The various representations are based on
differing theoretical arguments. Here, the more important ones are presented
to highlight the differences in predictions, and hence the consequences of such
differing predictions.

The theoretical resolution, also the absolute minimum, given for a SAR
j system is

D -(17)

20 2

where X is radar wave length, a is azimuthal beam width, and D is aperture
length. When the integration time is limited in the SAR processor, the
theoretical resolution becomes

- X I R

"P•a =- - -(18)S2 T V

where R is range, V is aircraft velocity, and T is integration time.

The resolution degradation beyond these theoretical limits, due to surface
waves, is given by different authors. Their results are compared here as a
preliminary step toward comparing each with experimental results from the TOWARD
experiment.

I
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1. "Velocity Bunching" or "Oscillating Patch" Models

This form was proposed originally by Alpers and Rufenach (1979) j"

= -a 1+ [ir cii ar 1 , (19)

where ar is range acceleration which is equated to the vertical acceleration by

ar = ar cosa . (20)

Lyzenga and Shuchman (1983) used the same form with the exception of a (2/w)
factor inside the inner bracket in Equation (19). When the coherence time of
scatterers is smaller than the integration time of the processor, the resolu-
tion is proposed to be 1

Pa -- H (21)
2T V

where r is coherence time. Alpers et al (1985a) proposed the following form
for T

T = (2W 2) 1 <Ur2>1/2 , (22)

2 1/2
where <Ur >.1.. is the rms spread of the radial facet velocities within a SAR
resolution cell. The degradation of resolution, as proposed by Alpers and
Bruening (1985b), has the form

- = 2a•2 arT + [5a-- (23)

Lyzenga and Shuchman (1983) proposed another form for computing resolution
degradation when the scatterers are moved by a velocity, U, namely

+ (162R 2 ]1/2

~ =~ .(24)

Here, U can be assumed to be the orbital velocity of long waves for the purpose
of estimating the degradation of resolution by this mechanism.
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2. "Distributed Surface" Models

Harger (1985) derives a different form for resolution degradation by
surface waves, as follows

1 +a [ 4 1- 201 K 2 ] 1/ 2
S4 K V 2A iK2

Sa 20

where Vp20 and K2 0 are wave phase-speed and wave-number of long waves, respec-
tively,

Ko 2wr
K = 2 -, where Ko - , (26)

R

and

-=2K. cos a (27)

The form proposed by Jamn (1981) for resolution degradation, given in
Equation (16), falls in this category of "distributed surface" models. The
empirical result given by Beal et al (1983) is similar in form to that given
by Jain (1981).

A graphical comparison of the predicted resolution degradations is given
in Figure 45, as function of sea state. The radar parameters used are indi-
cated as legend in the figure. They correspond to the JPL: L-Band SAR aboard
the NASA CV-990 aircraft, and the SAR processing parameters used in image
processing for TOWARD. The sea state parameters used are those defined in
Table 16. The TOWARD SAR flight of 31 October 1984 corresponds to Sea State 2.
It is clear from Figure 45 that significant differences exist (one order of
magnitude at Sea State 2) in the available theoretical predictions of reso-
lution degradation. It is an objective in TOWARD to determine, based on experi-
mental evidence, which theories are in agreement with field observations.

The dominant wave conditions on 31 October 1984 in TOWARD are given in
Table 18, which also outlines the SAR processing parameters used (T = 1.74 s).
Here, the "orbiting patch" model predicts a resolution of 70.2 m, while the
"distributed surface" model (Harger, 1985) predicts 6.2 m. The processed
resolution over land is 4.6 m.

A possible test for these models is to process the same image at the
highest resolution ( a = 0.9 m). This would require 8.9 s in integration
time. For such processing Harger predicts the resolution to he 24.1 m. There
is question whether the orbiting patch model remains valid for such a long
integration time.
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VI[. SAR MEASUREMENTS: DATA SUMMARY AND EARLY RESULTS

A. Discussion

Progress towards understanding how SAR images the ocean surface has suf-
fered in the past from lack of data sets that are sufficiently complete and
acceptable in data quality to resolve the outstanding issues. Partial data
sets have been interpreted to support one hypothesis or theory over another.
Experimental results have been accepted sometimes as credible by proponents of
a hypothesis and discounted as unreliable by proponents of another. The TOWARD

experiment was staged to provide a complete data set, i.e. tn-situ, radar
backscatter and SAR, and sufficiently detailed processing to enable validation
of the different theories.

The JPL L-Band SAR was selected as a critical instrument because of
established performance and associated capabilities to record and process
SAR data in both analog and digital modes. The L-Band frequency is espe-
cially suited for resolving ocean surface motions so as to determine whether
motions of the scale of wave phase-velocity are important in the SAR imaging
process. The characteristics of this radar system and associated image
processing features are give in Chapter II. The standard flight pattern
executed during the experiment is given in Figure 12. This pattern was
flown at three consecutive altitudes by the CV-990 aircraft. A complete
sequence of legs flown is shown in Figure 46 for the flight on 31 October

1984. During this flight the wind was from direction 290°T and a swell was
propagating in the vicinity of the tower from direction 290 0 T.

In Phase-Il, the typical flight sequence with the CV-990 aircraft is given

in Figure 47 for the flight of 19 March 1984. Here, the wind direction was
from 270°T and the dominant swell was from direction 290'T.

The U.S. Marine Corp X-Band system was operated on board their RF-4B's
during TOWARD. The system characteristics were given in the TOWARD Science

Plan (Shemdin, 1984). The flight days for the F-4's are given in Table 3 and
4 of this report for Phases I and 11, respectively. The flight pattern of the
RF-4B on 19 March 1985 is given in Figure 48. The processing of the X-Band
SAR images has been assigned second priority, compared to L-Band, because of
emphasis placed on resolving contradictions in existing SAR imaging theories.
This data set will be useful in the planning stages of a dedicated experiment
to understand SAR imaging of the ocean surface at X-Band.

Another airborne resource in TOWARD was an X-Band Real Aperture Radar
(RAR) which was operated on board OV-1(D) aircraft. The objective here was
to acquire simultaneous SAR and RAR images at X-Band. On 19 March 1985 the
flight pattern executed by the two OV-l(D) aircraft is given in Figure 49.
One aircraft executed the pattern at 11,000 feet altitude, and the other
executed the same pattern, during the same period, at 18,000 feet altitude.
The RAR images were found to be of good quality when the aircraft was flown
below 8,000 feet. This finding evolved by trial and error so that the early
simultaneous flights with the RF-4B's produced low quality RAR images. The
later OV-1(D) RAR flights which produced good quality RAR images corresponded
to failures of the RF-4B's SAR system to produce good quality images. Conse-
quently, the objective of obtaining simultaneous RAR and SAR, both good quality,
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was not achieved. This was one of the few attempted data sets that were not
acquired satisfactorily. It was not a data set required for meeting a primary
TOWARD objective, however. It was also not part of the original "Science
Plan%.

As indicated before, the L-Band SAR images were assigned highest priority
relative to X-Band SAR and RAR images. Of the L-Band data sets collected, ten
frames were selected for detailed focus processing, as indicated in Table 7.
Each frame was processed fifteen times Independently with the chirp rate set
to correspond to a different ground speed. The range of velocities were varied
(with respect to a rigid surface), from -2.33 to +2.33 times the phase-speed
of the Long waves. Hence, the processings specified in Table 7 amount to
producing 150 images, or fifteen variations for each frame. The production of
these 150 images has been completed recently.

B. Early Results from SAR

Of the ten frames specified for focus processing to date, only four have
been analyzed to determine wave detectibility at different focus settings.
The four frames correspond to Legs I, 2, 4, and 7 of the 31 October 1984 flight,
at aircraft elevation 11,585 m (38,000 feet). The analysis procedure for Leg I
is described in detail by Tajirian, Volume II of this report. The available
early results are described in the following.

1. Wave Number Spectra

The SAR image frame most extensively analyzed corresponds to Leg 1,
where purely azimuthal waves are clearly seen. A sample image at zero focus
setting (equivalent to stationary surface) is shown in Figure 50a. The same
frame is shown in Figure 50b for focus setting -2.33C, where C is the dominant
wave phase-speed. This focus setting corresponds to a surface moving in the
same direction as the aircraft with a speed of 2.33C. In Figure 50c the same
frame is presented at focus setting +2.33 which corresponds to a surface moving
in the opposite direction of aircraft at speed 2.33C. In Figure 50c, the
waves are hardly detectable. These observations confirm that SAR detects
motion properties of the surface. The precise determination of this motion
is described in detail in the next section.

The one-dimensional SAR spectrum is shown in Figure 51, for Leg I at
optimum focus (highest wave detectability). Details of the computation are
given by Tajirian in Volume I1. The spectrum has a dominant peak at a wave
length 133 ± 10 m. Considerable care has to be given to the determination
of this spectrum. The degrees of freedom are 62. The wave number resolution
is 0.002 rad/m; it is degraded to 0.006 rad/m and the spectral peak is normal-
ized to 1.0 to facilitate comparison with in-situ measurements.

Guza (see Volume II) provided wave frequency spectra measured by pressure
gages at the tower, as shown in Figure 15. The frequency spectrum. transformed
to an equivalent deep water wave-number spectrum, is given in Figure 52. The
spectrum has 88 degrees of freedom and a frequency resolution of 0.004 liz
which corresponds to a wave number resolution of 0.004 rad/m. The transformed

spectrum shows a well defined peak at wave length 114 m _ 6 m. This peak is
distinct from the one shown in Figure 51.
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Figure 50a. SAR Image of 31 October 1984, Leg 1 (Heading 110 ), Aircraft
Altitude = 38,000 feet, Processed for Surface Speed 0.0 mIs.
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Figure 50c. SAR Image of 31 October 1984, Leg 1 (Heading 1100), Aircraft
Altitude = 38,000 feet, Processed for Surface Speed -25.6 m/s.
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Comparisons of the SAR spectrum with the transformed wave height spectrum
is given in Figure 53. The SAR spectrum emphasizes the 133m wave length which
is a secondary peak in the wave height spectrum. The wave height spectrum, on
the other hand, emphasizes the 108m wave length which is a secondary peak in
the SAR spectrum. In a comparison between SAR spectra and other airborne-

measured wave-height spectra (Beal et al, 1985), the inference has been drawn
that the SAR spectrum is equivalent to a surface wave slope spectrum. There is
evidence to suggest that this may be valid for range-traveling waves. The
TOWARD results in Figure 53 contradict this possibility for azimuth-traveling
waves. The latter suggests that the SAR spectrum is a low pass filter of
the true wave height spectrum. The nature of this filter is related to the

, SAR imaging mechanisms under investigation. It is an objective in TOWARD to
delineate this transfer function from a wave height spectrum to a SAR spectrum.

2. SAR Focusing Results

Significant attention has been devoted to analysis of wave detectability
at various focus settings (see Tajirian in Volume II). The motivation is to
determine the magnitude of surface motion that influences the formation of
ocean wave images. The analysis consists of computing one dimensional wave
number spectra with 62 degrees of freedom for each image. The wave spectral
density at the dominant wave number is plotted as a function of focus. A
focus setting that corresponds to the highest dominant density also corresponds
to waves in the SAR image that are most detectable. The result for Leg 1,
given in Figure 54a, represents a detectability distribution for azimuthal
waves traveling in the same direction as the aircraft. The distribution is

asymmetric with respect to zero focus, i.e. detectability is not maximum for
zero surface motion. The waves are most detectable at focus setting 3, which
corresponds to 11.0 m/s. Here, the waves are most detectable for a surface
that propagates in the direction of aircraft with a speed of 11.0m/s.

In Figure 54b the detectability result for Leg 2 is shown. Here, the
density values are low at all focus settings, which suggests that the waves
are barely detectable in the SAR images processed at all focus settings.
This result is substantiated by visual observation of the images. A clear
explanation of this result is not in hand yet. im .

In Figure 54c the detectability result is given for Leg 4. It indicates
that optimum detectability of waves is associated with a surface that trans-
lates in a direction opposite to the flight direction. The peak density shown
is for a surface that translates with a speed of 14.6 m/s. The reversal in
direction of asymmetry, when the flight direction is reversed with respect
to the wave propagation direction, is an indication that the SAR image detects
a surface wave pattern that propagates with a characteristic speed that is of
the order of the wave phase speed (or one order of magnitude greater than the

wave orbital velocity).

In Figure 54d the detectability result for Leg 7 is shown. The highest
dominant wave densities confirm the previous results, i.e. peak detectability
is in the direction opposite the flight direction and occurs at a speed that
is of the order of the wave phase speed. The most detectable waves appear at 3
14.6 m/s.
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3. SAR Simulations

Simulations using two distinct theoretical approaches have been exe-
cuted for the SAR waves observed on 31 October 1986. The simulation by Plant
(see Volume II), follows the assumptions stipulated by the "velocity bunching"
or "orbiting patch" approach. Details of the simulated spectra are given by
Plant in Volume IT, for Legs 1, 2, 4 and 7.

Comparisons between wave spectra obtained from SAR images and simulatedifspectra are desirable, but cannot be achieved for TOWARD in absolute terms.
The available L-Band SAR images are not calibrated. Calibration is potentially
achievable but requires additional resources. Calibrated SAR images are not
required to achieve the objectives stated for TOWARD. Comparisons between
normalized spectra, where the spectral peaks are set equal to 1.0, are used,
as shown in Figure 53.

Normalized spectra are compared here between those obtained with the
Plant simulation and those computed from the SAR images. In Figure 55 such
a comparison is shown, at optimum focus, for both simulated and actual spectra.
Both spectra are computed for deep water conditions. Here the SAR wave-number
resolution has been degraded to match Plant's spectrum. The Plant simulation
shows the peak to occur at wave length = 106.6m, while the actual SAR Spectrum
shows the peak at wave length = 127.0m. Another comparison is provided in
Figure 56, where the simulated Plant Spectrum at optimum focus is compared
with the transformed wave height spectrum (of Guza). Again, both spectra are

compared for deep water conditions. Here, the Plant simulated spectral peak
(wave length = 106.6m) agrees with the wave height peak (wave length - 107.4 m).
The comparisons in Figures 55 and 56 indicate that the Plant simulated spectrum
is related in some form to the in-situ spectrum, but that it is not a satis-
factory simulation of the actual SAR spectrum.

Wave detectability dependence on focus setting (or surface motion) is
useful as a criterion for testing SAR imaging theories. Comparisons based
based on absolute numbers requires a calibrated SAR, which is unavailable.
Useful detectability comparisons can be made based on a Peak-to-Baseline Ratio,
PBR, as defined and used by Jain and Shemdin (1983); it is the ratio of the
peak spectral density at each focus settting divided by the defocused spectral
density at the same peak wave number. The Plant "Velocity Bunching" simulation
(Volume II) is used to compute the simulated PBR values. Figure 54 is used to
compute the actual SAR PBR values. A comparison between the simulated PBR
dependence on focus (surface speed) and actual PBR dependence on focus is shown
in Figure 57, for Leg 1. In this figure, zero focus corresponds to optimum SAR
processing (highest resolution) for a stationary surface (e.g. land). This is
verified by measuring the width of the Mission Beach pier in each of the SAR
images that were processed. These results are shown in Figure 57 as the upper
curve. They verify the correct selection of zero focus in processing of the
SAR images. The Plant simulation in this figure shows optimum wave detecta-
bility at zero surface speed, while the SAR images show optimum detectability
at 11.0 m/s. This Implies that: (i) the true SAR imaging process of surface
waves is sensitive to the dispersive property of surface waves, and (ii) the
Plant simulation is not incorporating this aspect correctly in its procedure.
Another difference, although less indicative, is in the magnitudes of the PBR
values. The Plant simulation shows a maximum value of 3.3 vs. a TOWARD experi-
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mental maximum of 2.4. The latter difference is not clearly understood at
present.

In Figure 57 a comparison of the TOWARD PBR results with those obtained
d in MARSEN (Jain and Shemdin, 1983) is shown, both for azimuthally traveling

%: waves. The MARSEN results exhibit a maximum PBR value at 13.0 m/s. The
TOWARD and MARSEN results both show optimum detectability at surface speed
values of the order of the dominant wave phase-speeds. Hence, the TOWARD
results confirm the MARSEN results which were obtained under a different set
of environmental conditions. MARSEN was a wind-generated sea in the North
Sea, and TOWARD was a swell filtered directionally by the Channel Islands of
Southern California. The difference in PBR values between the two experiments
is attributed to SAR processing, which was optical in MARSEN and digital in
TOWARD.

Another simulation of the waves imaged on 31 October 1983 is given by

Harger in Volume II. Harger stipulated that the wave phase-speed is a param-
eter in his simulation. However, his simulation so far does not demonstrate
clearly the type of detectability results shown in Figures 54a-d. In princi-
ple, such simulations can be produced.

In summary, the results derived from the L-Band SAR images clearly demon-
~ strate ocean surface motion that is one order of magnitude greater than orbital

velocity of long waves. An asymmetry is shown in the direction of wave motion
that has not been simulated satisfactorily by any of the available SAR models.
The SAR data sets and in-situ measurements obtained in TOWARD provide a suffi-
cient data base to derive and test theories that are consistent with observa-
tions. It is suggested that simulations based on available SAR models be
matched to the TOWARD experimental results.

104

I9 -



"VIII. SUMMARY AND PRELIMINARY CONCLUSIONS

The field operations of TOWARD 84/86 were executed in accordance with the
Science Plan, or exceeded it. The environmental conditions encountered were
typical of Southern California with wind speeds ranging 0-40 knots (during
intense fronts) and swell height ranging 0-2 meters. Unique data sets were

•' acquired that are critical for understanding the dynamics of short waves and
their interaction with long waves, internal waves and local ambient ocean
features. Other data sets collected are useful for testing SAR backscatter
models. The complementary hydrodynamic, radar backscatter and SAR data sets
are of good quality and are adequate to resolve the critical issues in SAR

imaging of the ocean surfce at L-Band.

The early results indicate that:

1. The probability density function of wave slope suggest Gaussian dis-
tribution for wave frequencies less than 2.5 l1z and non-Gaussian
distribution for wave frequencies greater than 7.5 Hz. It is inferred
that the longer ocean waves are weakly coupled, as expected, but that
the very short waves are strongly coupled, i.e. experience possibly
strong non-linear interaction. The transition from weakly to strongly
coupled short waves is expected to be dependent on wind speed and sea

* state.

2. The measured wave slope spectra in TOWARD have significantly different
intensity levels compared to predictions by Pierson and Stacy (1973)
for equivalent wind speeds.

3. Radar backscatter results from multi-frequency radars suggest that sea

' *'2 spikes do not contribute significantly to the average backscattered
Lsq power at L-Band, for the geometries implemented in TOWARD. Sea spike

occurrence increases with radar frequency and wind speed.

4. Cross-wind radar backscatter results suggest that cross-wind or cross-
wave modulation can occur, and may constitute the mechanism for SAR

-_imaging of azimuthally traveling waves. We have also data indicating

that the radar backscatter spectrum has a small peak near the dominant
frequency of long waves. The resolution of this question is presently
under debate.

5. SAR focusing results for azimuth traveling waves indicate that waves
are most detectable at a focus setting that is of one order of magni-
tude larger than the wave orbital velocity.

6. Based on data analysis results to date, neither the "Velocity Bunching"
model nor the "Distributed Surface" model has been demonstrated to
explain the TOWARD observations, but the data sets obtained in TOWARD
"will allow significant progress toward resolution of the differences.

S,"In conclusion, the available data sets and preliminary results strongly
U suggest that definitive conclusions, regarding the physics of SAR imaging of

the ocean surface, will follow the data a:lalysis effort that is In progress.
Pr Also, because the TOWARD data sets provide the most complete, surface-truth
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measurements in support of SAR, it is anticipated that these data sets will be
used for a number of specific scientific investigations related to SAR in the
future. It is noted, however, that the TOWARD data sets were directed at
solving the L-Band SAR problem. The available X-Band measurements are useful
but incomplete. The solution of the X-Band SAR problem will require a separate
follow-on experiment that will require theoretical investigations, laboratory
studies and sea-testing of instruments. These are now being planned.
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IX. ANALYSIS PLANS AND A PERSPECTIVE ON FUTURE RESEARCH

The discussions on available data sets and early results presented in this
report do not reflect the effort that is now in progress, nor the analysis
plans in force. These are discussed below in section A. Also, the insights
gained to date allow formulation of a perspective on future SAR research. The
latter is presented in section B.

A. Analysis Plans and Work in Progress

A substantial effort is now in progress in data analysis and simulation
studies to achieve the scientific objectives set for TOWARD. The analysis
plans and respective studies are discussed below for each objective.

1. SAR Imaging of Surface Waves - The results to date are based on analy-
sis of SAR images obtained on 31 October 1984. SAR images obtained
on other flight days have been processed at different focus settings;
the follow-on analysis to determine detectability at each focus setting
is in progress. It is important that the latter analysis be completed

Ln order to establish the dependence of SAR-derived wave spectra
on the ratio of range to platform velocity, azimuthal angle of waves
and environmental conditions. For this purpose, SAR derived spectra
will be compared with in-situ measurements to establish the differences
between the true ocean surface and what SAR measures.

The available SAR imaging theories for surface waves have not been
demonstrated to explain the observation obtained to date (based on
results from 31 October 1984). The "Velocity Bunching" theory is not

w able so far to explain why waves are most visible at a focus setting
that is one order of magnitude greater than the wave orbital velocity.

L. The "Distributed Surface" theory agrees in principle with such observa-
tions, but comparisons between SAR-derived spectra and simulated

spectra have not been achieved yet.

Vigorous effort, consisting of data analysis and SAR image simulations,
is now in progress to determine whether the above theories can be

modified to explain the TOWARD observations, or whether a new theory
is needed. It is estimated that the present theoretical effort has
reasonable promise to achieve the goal of explaining the SAR obser-
vations. The available TOWARD data sets are adequate for providing
supporting information to test the SAR imaging hypotheses, and to
determine the form of the SAR system transfer function.

2. Radar Backscatter Intercomparisons and Simulation - The radar back-
scatter data sets obtained by the Naval Research Laboratory, Univer-
sity of Kansas and Jet Propulsion Laboratory appear to be all of good
quality. There is presently lack of agreement on the strength of
radar backscatter modulation in the cross-wind or cross-wave direc-
tion. Intercomparisons of data sets obtained simultaneously will be
pursued for different environmental conditions. The strength of such
modulation is directly related to mechanisms of SAR imaging of surface
waves. Hence, resolution of this matter is an integral part of achiev-
ing the objectives stated in item 1, above.
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St ereo-photography gives a description of the ocean surface that is
especially suited for radar backscatter simulation. Stereo-photography
provides information on the mean slope of the surface, directional U
information on surface roughness in the range 3-100 cm, and information
on wave breaking that occurs on the surface.

Radar backscatter models that are presently in wide use employ a two-
scale ocean surface model. The assumptions involved in a two-scale
model have been questioned. A "full-wave" solution approach has been
proposed. With stereo-photography an opportunity exists for testing
the radar backscatter models in present use. Here, the same patch of
the ocean (depicted by stereo-photography) can be used as input in the
different radar backscatter models, and the outputs compared with each
other.

The above simulation effort is not intended to yield comparisons
between radar backscatter measurements from the tower and in-situ
observations. Such comparison is planned as another TOWARD study.
Here, the surface slope measurements obtained with the wave follower
will be used as input in simplified radar backscatter models (such as
the two-scale model) to yield simulated backscatter results that can

be compared with observations. Long time series for such a study are
available, both for the input (wave slope records) and for comparison
with output (radar backscatter measurements).

3. Hydrodynamic Data Intercomparison and Simulations - Complementary data
sets are available with wave follower slope measurements and stereo- I
photography. The TOWARD Hydrodynamics Committee has emphasized the
desirability of such intercomparisons. Work is now in progress to
s -duce surface elevation maps from stereo-photographs. Forty (40)
frames (stereo-pairs) have been specified and are being processed.
Completion of stereo-processing is planned for the latter part of
the summer. Follow-on analysis is required to transform surface
elevation maps to wave number spectra. Additional analysis is required
to convert wave-number spectra to wave-frequency spectra, to allow
comparison with laser slope measurements. The inverse comparison is
also possible. Laser-slope time series can be transformed to wave-
number spectra, and compared with those obtained from stereo-analysis.
Both types of comparisons will be made. Comparisons in the wave-number
domain involve fewer assumptions, and will be executed first. This
effort will remain in progress through December 1986. Early results
are anticipated in September 1986.

Another type of hydrodynamic analysis that is pursued (also in accord
with the recommendations of the Hydrodynamics Committee) is the charac-
terization of the directional wave height spectra (and/or structure
functions) of short waves relative to phase along the long waves.
Initial work has been completed using the laser slope data from the
wave follower, and modulated wave number spectra have been distributed
to interested investigators. Similar modulated spectra of short waves
can be obtained from stereo-data. A processed stereo data set for
this purpose is expected to be available in September 1986.
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The hydrodynamic analysis plans include a theoretical investigation of
the modulation of short waves by long waves. Here, the action density
equation along refracted ray paths will be used to investigate the
relaxation rates under which the simulated modulation can be favorably
compared with the measured modulation (obtained from laser-slope date
and/or stereo-photography).

4. Modulation of Short Waves and Radar Backscatter by Internal Waves - A
useful data set is available for investigating the modulation of short
waves by internal waves. In Phase I of TOWARD, shallow water internal
waves propagated through the tower site during periods when measure-
ments of short waves and radar backscatter were being recorded. An
effort to characterize the near-surface orbital velocities generated
by these internal waves is presently in progress. Time series of modu-
lated currents are being produced for use in cross-correlations with
wave-slope and/or radar-backscatter time series.

The modulation derived experimentally from the laser-slope measure-
ments will be compared with those obtained independently from radar
backscatter data. In addition, hydrodynamic modulation of short waves
by internal waves will be simulated and compared with the measured
modulations.

5. Surface Tension and Microlayer - Time series of surface tension provide
an important data set for estimating the influence of the microlayer
on radar backscatter. The modulation of short waves by long waves,
and the intensity levels in wave slope spectra are, in principle,
influenced by surface tension. The hydrodynamic simulations discussed
in item 3, above, will be subjected to sensitivity analyses with regard
to the influence of surface tension. Further progress in item 3 is pre-
requisite to appropriate use of the data set discussed here.

6. Decay of Short Waves Using "Bobbing Buoy" Data - This data set, ob-
tained in "Mini-TOWARD", provides unique information on the decay of
short waves in the open ocean, under various wind speeds (0-6 m/s).
The "Bobbing Buoy" was operated so as to produce waves approximately
30 cm long. Stereo-photographs of the radially propagating waves were
obtained and are being processed. Upon completion, additional analysis
will be pursued to separate the influence of radial dispersion from the
decay rate of waves. This analysis is projected for completion in
December 1986.

B. A Perspective on Future SAR Research

The TOWARD experiment provides a data set that appears to be adequate for
solving the most important issues related to SAR imaging of surface waves at
L-Band. The data set is also useful for addressing problems related to SAR
imaging of internal waves, imaging of the ocean surface with X-Band SAR and for
investigating the influence of the microlayer.

The achievement derived from understanding SAR imaging of surface waves at
L-Band has importance that transcends the immediate application of SAR detection
of surface waves (although this application is important in itself). The most
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significant outcome of understanding the SAR imaging processes is the develop-
ment of a theory for imaging the ocean surface that is consistent with observa-
tions. Present discrepancies between SAR imaging models of surface waves impair
our ability to understand imaging of other ocean signatures, as demonstrated in
Chapter VI. Hence, understanding SAR imaging of surface waves at L-Band is a
critical first step towards understanding SAR imaging of other ocean surface
signatures. It is, therefore, a natural follow-on from present research to
consider future experiments whereby present understanding of SAR at L-Band can
he utilized for oceanographic research, and possibly for operational use.

The limitations of the TOWARD experiment stem from the fact that the
Southern California Bight is located in an area where the environmental condi-
tions are relatively quiescent. Follow-on experiments, conducted in more
vigorous ocean environments, are desirable to test the limitations of the models
developed based on the TOWARD data sets.

Other follow-on experiments may utilize TOWARD-derived models for detecting
ship wakes, internal waves and ocean current features (i.e. eddies and current
boundaries). For such experiments, sufficient understanding of SAR imaging
exists only at L-Band.

The mechanisms involved in SAR imaging at X-Band are far less under-
stood (C-Band is in near proximity of X-Band vs. L-Band). Here, an experiment
similar in scope to TOWARD is required for understanding the hydrodynamics and
radar backscatter processes associated with very short surface waves (1-5 cm in
length). For this purpose a stable platform is mandatory to produce credible
hydrodynamic data (directional wave height spectra) and useful radar back-
scatter data (fixed incidence angles). The insight gained at L-Band in deter-
mining the transfer function (from a radar backscatter map to a SAR scene) is
useful at X-Band. That is, the SAR imaging model derived for L-Band can be
extended in frequency to X-Band. The primary issues at X-Band relate to the
hydrodynamics of the very short waves which appear to be strongly nonlinear and
interconnected in wave numbers near X-Band, compared to L-Band. This is clearly
indicated in the PDF results presented in Chapter IV. The radar backscatter
measurements at X-Band and higher frequencies have different characteristics
compared to L-Band, as shown in Chapter V. Hence, an experiment at X-Band,
similar in scope to TOWARD, appears to be a natural follow-on.

In summary, the following perspective emerges from the TOWARD insights
gained so far:

(a) A basic X-Band experiment, similar in scope to TOWARD, should be pur-
sued as a follow-on to TOWARD. Here, extensive in-situ measurements C.

from a stable platform are required to define the characteristics of
both the short waves and the ambient environment.

(b) Application experiments should be pursued at L-Band to investigate:
(i) SAR imaging of ocean waves in intense weather conditions (desir-
able small scale measurements will be difficult to obtain), (ii)
imaging of current boundaries, (Iii) imaging of internal waves and
(iv) imaging of ship wakes. Such experiments at X-, C- and K,-Bands
will be useful only after the associated hydrodynamic and radar hatck-
scatter mechanisms are understood better.
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10-3 1-8i 1 /1 :17 :2 5 2 :001
10-31-H4; 15:20:34 2:0(0
10-31-84 15:48:07 1:0(0

11 -04-8/4 11:33:29 1.5 190
1 1-0/1 -134 1 1:50130 1 5 19 0
1 1-0/1-8/1 1 5 2 15/4 2:00 1 90
I1I- 048/4 1 5:5 312 1 .5 2001
1 1-01-0 1b:9:/12 2 ()0(1 1) ()
11-04-84 16:57:20 2:00 280

1 1 -(17 - 8/; 1 4 :1 6 2 /a 2 0(0 2610
1 1 - 07 -114; 1 A 1 0 23 2 M) ym 3(
11-07-84 15:00:54; 2:0(0 270
11-07-114 15:17:50 1.5 3301
11-07-84; 15':46:19 I .5 2901
11-07-8's 16:02:24, .5 270
11-07-84 16:21 :27 1.5 200
1 1-07-84 16 : 3 6:42 1 .5 200
11-07-84 16:49:26 1.5 200

119



Table A2. Stereo-Photograph Data Summary, Phase-Il.

D AT E I T I" E INTER V A l, A Z M UI I" I E'I H A I KSI (PST)
3-28-85 09:51 :00 1.5 271)
3-28-85 09:51:02 1.5 27o
3-28-85 0():51 :03 1.5 270
3-28-85 09:51 :05 1.5 270
3-28-85 09:51 :06 .5 270
3-28-85 09:51:08 1.5 270
3-281-8 15 0 9 51:2 1.) 2 70(
3-28-115 0):5 1 :I I 1.5 270
3-28-85 09 :51 12 1 .5 270 N1 FI i IhtS

3-28-85 09:51 :174 5 270
3-28-85 (09:51 :195 ( 5 2770
3-28-85 09 : 51 : 7 1 .5 270(
3-28-35 09:51:19 1.5 270
3-28-85 09: 5 1: 20 5 . 210 7
3-28-85 09:51:21 1.5 270 V(.r1,

3-28-85 (19:5 1:263 1 27(0
3-28-85 0(9:51:27 1.5 21o
3-28-85 09:51:26 I.5 270(
3-28-85 09:51:27 1.5 270
3-28-85 )9 :51 :29 .5 2770
3-28-85 09:51:30 1.5 270)
3-28-85 (9:51:32 1.5 270(
3-28-85 09 :51:33 .5 27))
3-28-85 09:51:35 1.5 270)

O 3 - 7,S- 85 Ql 5 1 36 1 5 2 7()
3 - 2f ,-8- 5 1•) 5 1 3H 8 5 2 7 D

3-28-85 )9:51:39 1.5 271)
3-28-85 (09 :5 1/41 1 .) 2 7(
3-28-85 (19:5- :1 42 (.5 271)
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Table A2. ,qLereo-PhotograplI DaLn Summiary (Con Iti.,,'I), Phas e- I

1)' A. T E'S A1, 'IN IIRV .A N 111 11

(P .S .T) ---- 2 7()
3-2 1 -B55 : ()0(): 13 72 . 01)
3-2 1 -85 1 5 : 0) 1 5 '2 . (M) 2 1(7

3-2 1 -85 I :) -00 :17 2 ()1) 271)

3-21-85 15:00:19 2.0011 270

3-21-85 15:00:21 2 (. )0 270

3-21-85 15:00:23 2. ()()1 2 )70

3-21-85 15:00:25 2.00(1 270

3-21-85 15:00:27 2 .001 270 fu FI igts

3-21-85 15:00:29 2.001 270
3-21-85 15:00:31 2.001 270
3-21-85 15:00:33 2.001 270

3-21-85 15:00:35 2.001 270
3-21-85 15:0(0:37 2.00(1 21(7
3-2 1-85 5:0)0:39 2 .()()1 27()
3-21-85 15:00:41 2 .001) 2770
3-21-85 15:000:43 2. (()1 270
3-21-85 15:00:It5 2. (H)1 2770

3-31-85 15:00(0:47 2 .110 21()
3-21-85 15:00/4 9 2 ,)) 2770
3-21-85 15:00:51 2 .)1 271)

3-21-85 (5:00:53 2. (M 1 271M
3-21-85 15:00:55 2.0011 2170
3-21-85 15:00:57 2 .00 271) 2
3-21-85 15:00:59 2.001 270

3-21-8 5 15:51):1 53 2 (1)0 21 I I':11(h

3-2 1-85 I5: 50 457 2. 0H) 2710
3-21-85 15:50 47 2, (1• 21(0
3-21-85 15:50:59 2.00 270

3-21-85 15:50:51 2.0)0 270

3-21-85 15:50 :53 2 01( 270
3-21-85 15:50 :55 2 .() 2711

3-21-85 15:50:57 2.00l) 2710
3-21-85 15:50:59 2.1)() 271)

3-21-85 15:51:01 2.00) 270)

3-21-85 15:51:03 2.0)0 270

3-21-85 15:51:05 2.001) 270

3-21-85 15:51:07 2.001) 270

3-21-85 15:51:09 2.00 270

3-2 1-85 15:51:11 2 .)1) 271)

3-2 1-85 15:5 : 13 2 1(H) 217)

3-2 1-85 15:51 : 15 2 ()() 2111)

3-2 1-85 1 :5 :1 7 2 () () 2170

3-2 1-85 5:5 :19 2 (m) 2701

3-21 -15 I 5 : 2 1 2 f(mi "' 71)

3-21 -8 5 5:5 1:23 2.1)(m 211

3-21 - 5 8 5:5 1:25 2 (M)) 2711
3-21-85 15:5 1:27 2.1111 2/0J
3-2 I -(5 . .:51:2. 2.71(1 2/I)
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Table A2. Stereo-Photograph Data Summary (Continued), Phase-Il.

U|

DATE START T't E INI E R, V AL1, A ZNU'rI III." HA Ri Ks
(IST)

3-22-85, ]1:50:43 1.5 270
3-22-85 11:50:45 1.5 270(
3-22-85 11:50:46 1.5 270
3-22-85 1 1:50:48 15 27(0
3-22-85 1 1:50:49 15 270 (Good Stereo I)nta
3-22-85 1:50:51 1.5 270
3-22-85 1 1:50:52 1.5 270
3-22-85 11:50:54 1.5 270
3-22-85 1:50:55 1.5 270
3-22-85 11:50:57 1.5 270
3-22-85 11:50:58 1.5 270 Frrvlq-iet t t 1rva'k J ig
3-22-85 11:51:00 1.5 270
3-22-85 11:51:01 1.5 270
3-22-85 11:51:03 1.5 270
3-22-85 11:51:04 1.5 270
3-22-85 11:51:06 1.5 270 No Flights
3-22-85 11:51 :07 1.5 270
3-22-85 11:51 :09 1.5 27(0
3-22-85 11:51:10 1.5 27(0
3-22-85 11:51:12 1.5 27(0
3-22-85 11:51:13 1.5 270
3-22-85 11:51 : 15 1.5 2770
3-22-85 11:51:16 1.5 270
3-22-85 11:51:18 1.5 270

3-22-85 12(1:15 15 270
3-22-85 12: 1:17 75 27()
3-22-85 12: 1 : 18 1. 27(03-22-85 12:1(O:2 I8.5 27(1 iS3-22-115 12 : 10 :20 1 5 1 2 70

3-22-85 12:10:21 1.5 27(1 tbood SLereo( lbaLa
3-22-85 12: 1(:23 1.5 27(0
3-22-85 12: 0:24 1.5 27(1
3-22-85 12: 10:26 .5 21(7
3-22-85 12: 10:27 15 2 I7
3-22-85 12: 10:29 15 27(0 Freqt. it i l re iakfi
3-22-85 12: 10:30 15 270
3-22-85 12: 1: 32 1 2(1o
3-22-85 12: 1(:33 1.5 27(0
3-22-85 12: 10:35 15 27(0
3-22-85 12: 10:36 15 270
3-22-8 5 12 :01 :38 1 . , 2 ()*
3-22-85 12: 10:39 15 27()
3-22-85 12:10:41 1.5 270
3-22-85 12: 10:42 1 27(0

3-2 2- 851 1 ? 11()1I4I 1 . 2 7 (3-22-85 12: 1( 4) I / 5 2701
3-22-85 12: 1():47 1.5 27(I
3-22-85 12: 10:48 r 2.5 11
3-22-8L5 12:)(1:50 1I 2(1

-I 122
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Table A2. Stereo-Photograph Data Summary (Co.tiir,I) , Phase-LI

DATE SIARI' TLItE I.N E'R'VA. AZIiUTII I', 1 ? 11

3-26-85 I I: 51 5 5/10
3-26-85 10:11:52 1.1 5401
3-26-85 10: I :54 1.5 540
3-26-85 1(:11:55 1.5 5411
3-26-85 10:11:57 I.5 540
3-26-85 10 1: 1 : 58 15 540
3-26-85 10): 12:00 1 5 540 Good t I rtc t iire
3-26-85 10: 12:01 1.5 540
3-26-85 10:12:03 1.5 540
3-26-85 10: 12:04 1 .5 540 I, t. 1l"e:t('k i.g
3-26-85 10: 12:06 1.5 540
3-26-85 1(0: 12:07 1.5 540
3-26-85 10:12:09 1.5 540
3-26-85 10:12:10 1.5 540
3-26-85 0: 12:12 1.5 5/40
3-26-85 1(:12:13 1.5 540
3-26-85 10:12:15 1.5 540 F-4 I.'I1 i ht
3-26-85 10:12:16 1.5 54(0
3-26-85 10:12:18 1.5 540
3-26-85 1(:12:19 1.5 540 OV-ll) I ":1 ilt .
3-26-85 10:12:21 1.5 540
3-26-85 10: 12:22 1.5 540(
3-26-85 1(:12:24 1.5 5/i0
3-26-85 (1: 12:25 1.5 54(0
3-26-85 10: 12:27 1.5 540
3-26-85 10:12:28 1.5 540
3-26-85 10:12:30 1.5 540

3-26-85 10:26:22 1.5 270
3-26-85 10:26:23 1.5 270
3-26-85 10:26:25 1.5 27(0
3-26-85 10:26:26 1.5 270
3-26-85 10: 26:28 6 :5 27( (:8ood t: r,,i" tire
3-26-85 10:26:29 1 271) xIt I' cI e•' ,i vt.
3-26-85 1(1: 26 : 3 1 5 270 r co;t i, 1
3-26-85 10:26:32 1.5 270
3-26-85 1(:2 6 :34 1.5 2170)
3-26-85 10:26:35 1.5 270
3-26-85 10 :26:37 5 270
3-26-85 10 :26: 38 15 270 N(I. 22 nit I i Ln
3-26-85 10:26:40 1.5 270
3-26-85 10:26:4 : .5 21(1
3-26-85 0: 20 :43 15 27(
3-26-85 (1:26:44 1.5 270
3-26-85 10:26:46 (.5 270
3-26-85 1): 26 :I 7 15 21)
3-26-85 1)(:) 6:) 19 1 5 21)
3-26-85 10:202 :50 1.5 270)
3-2 0-85 1 60::52 °. 270
3 -26- 5 6(-: ?A : 53 1 27 ()
3-26-85 11: ,6:55 (.5 2711

3-26-85 1(:2 :50 1. 2 7(
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l• Table A2. Stereo-Photogral lf Dalata Summary (Contilued), Phase- .L

D)A fE Sl*I(*I TUIM -1I 11 1 VA 1, A Z ItU~l 11ItE IIA 11,KI (PST) .... ...

1- 6-85 6 Si : 51 3 1 270
-6-- I 1 : 552 1. 2/70
- 2,-!5 I1:1 : 5 . i 2( 10

3-26-115 10:51:55 3. 270
3-26-85 !1: 51:57 3.) 270
3-26-A5 10:51:58 1.5, 270
1- 21-85 30: 52:0(0 . 5 270
3-2o-8S 10: 52 : 0 1 1 27(1
3-?0--OS 10: 52:)03 1.5 2 71

10-2h-H 10:52 :04 1.5 2 70
3-'I - 10): 52 :()6 1 270
1- ' -85 10:52:07 3.5 2/70
3-226-8 10: 52:09 . 5 270
3-2 8-85 10:52:10 1 2701
3 - 2 0 - 85 1 0 52 1 2 1 271M

-2 ,-H 110:52:1 3 211

3-26-85 10:52:15 2 2710

3-26-85 10:52:16 1.5 2701
3- 26-115 111:52: 18 1 . 271
3-26-135 r: 1 " 9 3 . 270

3-26-85 lO: :,: 21 . 270
3-26-85 1(: 52 :22 3 , 270

3-26-85 I(1:52:24 I. 270

3-25-85 10 :52 :25 1 2 711

3-2h~-1(5 3: 34:24, 3.5 27(1S3-26-5 I: 4:25 I .2 271

"3-22-85 13: 4:27 1 .5 271) Very roodStrtict-rc-Film 
113

3-26-85 3: 1 4:28 1 , 27)

3-26-115 : , :1 1: ) 1 2710
3-26-85 11: 4:33 1 " 21(0

3-2 6-5 3:I /:33 3.5 2770
3-2 6-8S5 1: 4:34 3 .5 2770

3-2)-65 3: 4:3146 1 2770

3- 2-85 1: 14:3 I7 . 21(1

3-26-85 11: 34:39 1 270

3-26-95 11:14:41 3.5 270S3-26-853:1:/?3571
*3- - } ý o /;II I /i to 2 1 2 7()

3-26-MS )8: 34:43 1 270

3-26-85 1: 14:45 3.5 270

3-26-8R5 13:34 :6 . 271
3-26-115 3:14:48 3.5 2711

3 -2-H5 I: 14:4 1 3.5 2171

3-26-8 1: 4:51 1 2770

3-76-95 33: I4:S2 5.1 27013-26-89 3: 34:54 3.5 27(1

3 -7 (1, , 5 1 1 /t 5 7 1 • 271)
3-26-85 : 4:58 3. 2701
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Table A2. Siereo-Phiotograph l)aLa Summary (Covil.J.niti'I), Phase-LI.

DATE SlA IVY .T I. H E I W I FRVAI, AZHI 1'I1I RFl:rI , AIt:;

,ýPST)
3-27-85 .71 8:0 I 1. 2 70
3-27-85 11):48:03 / .5 2710
3-27-85 10:48:04 1.5 270
3-27-85 10:48:06 1.5 270
3-27-85 101:48:07 1.5 270)
3-27-85 10:48:09 I .5 270 CV-990 I.I pIht
3-27-85 10:48:10 1.5 270
3-27-85 10:48:12 1.5 270
3-27-85 10:/, 8:13 1.5 270
3-27-85 10 40 : 15 1.5 270
3-27-85 10:48:16 1.5 270
3-27-85 l0:48:18 1.5 270
3-27-85 10:48:19 1.5 270
3-27-85 0 B:48 :21 1.5 270
3-27-85 10:48:22 1.5 270 1Irealk il,, I'atch

td r t c.i d

3-27-85 10:488:24 1.5 270 1,.Iv, ; 1i ,,,/:
3-27-85 10 : 8 : 25 1 5 270
3-27-85 10:48:27 15 , 27()
3-27-85 10:48:28 1.5 270
3-27-85 10:48:30 1.5 270
3-27-85 10:481:31 1.5 270
3-27-85 1y:48:33 1.5 270
3-27-85 10:48:34 1.5 270
3-27-85 10:411:36 1.5 270 B r (,;I i, I ii t c P I
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Table A2. Stereo-Photograph Data Summary (Continued) , Phase-Il.

1) AT E, STA_ I' '_i'_E INT V• It V A I1 AZ M.UT'l1 R EH A R K S

(PST)
3-28-85 10:04:52 5 270
3-28-85 10:04:53 1.5 270
3-28-85 10:04:55 1.5 270

3-28-85 10:04 56 1.5 270 Very (ond

3-28-85 10:04 58 1.5 270 Structure
3-28-85 10:04:59 1.5 270
3-28-85 10:05:01 1.5 270
3-28-85 10:05:02 1.5 270
3-28-85 10:05:04 1.5 270

3-28-85 10:05:05 1.5 270
3-28-85 1U:05:07 1.5 270

3-28-85 10:05:08 1.5 270

3-28-85 10:05:10 1.5 270
3-28-85 10:05: I . 5 270

3-28-85 10:05:13 1.5 270

3-28-85 10:(15: 14 1.5 2 70

3-28-85 10:05:16 1.5 270

3-28-85 10:05:17 1.5 270

3-28-85 10:05:19 1.5 270

3-28-85 10:05:20 1.5 270

3-28-85 10:05:22 1.5 270

3-28-85 10:05:23 1.5 270

3-28-85 10:05:25 1.5 270

3-28-85 10:05:06 1.5 270

V
II
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Table A5. NRL L-Band T'ower ScatteronieLer Data Summary, Phase-i.

Date (1984) Start Time Trape # Remarks

9-26 10:52 1,2 F-4

9-28 10:40 3 F-4

10-2 10:45 4,5 F-4

10-3 10:40 6,7

10-6 11:20 8,9 F-4

10-7 06:00 10 F-4

10-15 10:00 11

10-16 10:00 .12,13,

14,15

10-17 00:00 16,17,18 CV-990 j
10-18 10:00 19,20

10-20 10:00 21,22,

23,24

10-21 00:00 25

10-23 11:45 26,27,28

10-24 10:00 29,3(1

10-27 10:00 3L

10-28 12:00 32

10-29 09:30 34,35

10-31 11:00 36 CV-990 and F-4

11-2 11:00 37,31

11-3 13:00 39
11-4 00:00 40,41,42 CV-990

43,44

11-5 00:00 45,46

11-6 10:00 Is7

11-8 11:00 48 CV-990

(1) PDT and PST before and after 28 October 1984, repectively.
lIn most cases dIata rtins continued utiL I t Ie tower shiut (low•, exczept wheni

there were problems with Lthe 110 VAC; power.
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'Table A6. NRL L-I3andl and KU-Band Sea Iter'ometIer Data Summary , Phase- I [

NDate (1-985) Start Time Anpe #/ R ema rks
_____________ (PST) - -_ _

3-8 11:00 4,9,50 cv-990

3-12 13:00 51

3-13 08:U0 ' ,-52.53 F-1i; Mohawoks

3-14 09:0051

3-15 11:005

3-16 10:00 5

3-18 11:00 56 Mohuawks

3-19 12:00 51 CV-990; F-4

3-20 11:00 58,59 F-4

3-21 07:00 60,61,

62,63

3-22 00:00 64,65,b6.

3-24 11:00 67

3-25 08:00 68,69

70,71

3-26 00:00 72,73,74,

75,76

3-27 00:00 77,78,79, CV-990

80,81,82

ot
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